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ELŐSZÓ 
 
     Az értekezés anyagát alkotó kísérletek 1989 és 1994 között készültek a "National 
Institutes of Health, National Heart, Lung, and Blood Institute" Biokémiai 
Laboratóriumában. 
     Az alkalmazott módszerek részletes ismertetését az eredeti közlemények 
tartalmazzák, a "Tézisek" részben csak lényegüket foglaltam össze. 
     Az áttekintés megkönnyítésére a csatolt közleményeket nem megjelenésük 
időpontja, hanem témájuk szerint csoportosítottam, és folyamatos számozással láttam 
el. A "Tézisek" részben a közölt eredményekre az oldalszám és az ábra vagy táblázat 
sorszámának feltüntetésével utaltam. 
 
I. TÉZISEK 
 
1. BEVEZETÉS 
 
     A szelént, aminek elnevezése a görög hold szóból származik Berzelius fedezte fel az 
ezernyolcszázas évek elején. A nyomelemek közé tartozó szelénről már 1954-ben 
kimutatták, hogy a katalitikus aktivitással rendelkező hangyasav dehidrogenáz enzim 
szintéziséhez jelenléte elengedhetetlen az Escherichia coli baktériumban (1), de 
nagyobb figyelmet csak néhány év múlva kapott, amikor ismertté vált, hogy az emlősök 
számára is létfontosságú (2).  
Az azóta évről évre bővülő irodalmi ismeretek szerint körülbelül 20 eukariota és több 
mint 15 prokariota eredetű szelenoproteint tartanak számon, melyek többsége redox 
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reakciókat katalizál (3, 4). A humán vonatkozású felfedezések közül kiemelkedik, hogy 
1972-ben egy fontos, szinte minden sejttípusban megtalálható antioxidáns enzimről, a 
glutation peroxidázról kimutatták, hogy szeleno-enzim (5, 6). Néhány év elteltével 
sikerült azonosítani a fehérjében lévő szelén tartalmú vegyületet, a szelenociszteint, ami 
így huszonegyedikként bekerült a fehérjeépítő aminosavak sorába (7, 8). A ma ismert 
glutation peroxidázok közül négy tartalmaz szelenociszteint (6, 9-11). A későbbi 
felismerések, hogy az I-, II,- és III-as típusba sorolt jódtironin 5'-dejodinázok szintén 
szelenociszteint tartalmazó enzimek azért jelentősek, mert rámutattak a prohormon 
aktív tiroid hormonná alakítása, illetve a hormon inaktiválása útján a szelén 
nyomelemnek a növekedési és fejlődési folyamatokban betöltött szerepére (12-14). Az 
említett fehérjék génsebészeti technikával előállított cisztein analógjainak katalitikus 
aktivitása nagyságrendekkel kisebb, mint az eredeti, szelenociszteint tartalmazó 
enzimeké (15, 16). Néhány évvel ezelőtt derült fény arra, hogy egy újabb, a sejt redox 
állapotának szabályozásában részt vevő enzim, a tioredoxin reduktáz is tartalmaz 
szelenociszteint a molekula C-terminális szakaszán található redox-centrumban (17). E 
felismerés jelentőségét tovább növeli, hogy redukált tioredoxin nélkül a DNS szintézis 
folyamatában is zavar keletkezhet, ha dezoxiribonukleotid hiány lép fel. A 
szelenocisztein specifikus alkilezése a tioredoxin reduktáz inaktiválódásához vezet (18), 
ez esetben is igazolva a szelén fontosságát a sejt számára a túlélést elősegítő katalitikus 
reakciókban. A szelenoprotein expresszióban bekövetkező zavarok patológiás állapotot 
hozhatnak létre. Szelén deficienciára vezethető vissza a Keshan és a Kashin-Beck 
betegség, és összefüggésbe hozható vele az arteriosclerosis és bizonyos tumorok 
kialakulása is. A prokariota és eukariota szervezetek egyre növekvő számú 
fehérjemolekuláiban kimutatott szelenociszteinen kívül jó néhány prokariota tartalmaz 
 6 
szelént egyes tRNS molekuláinak antikodon régiójában is, 5-szubsztituált-2-
szelenouridin formájában (19-21), bár ennek jelentősége még nem tisztázódott teljesen. 
     Számomra 1989 és 1994 között nyílt lehetőség arra, hogy részt vegyek olyan 
kutatásokban, melyek során az említett szelén tartalmú makromolekulák 
bioszintéziséhez nélkülözhetetlen szelén donor vegyületet sikerült azonosítani, és a 
vegyületet szintetizáló enzim néhány sajátságát felderíteni. Az azóta eltelt évek során 
arra is fény derült, hogy az általunk prokariota szervezetek vizsgálata alapján mono-
szelenofoszfátként azonosított szelén donor vegyület és a szintézisét katalizáló 
szelenofoszfát szintetáz enzim jelenléte nem korlátozódik a prokariotákra, hanem 
megtalálhatóak az emlős (22), így a humán sejtekben is (23). Úgy tűnik tehát, hogy a 
szelenofoszfát általános szelén donor szerepet tölt be a biológiai rendszerekben. 
     Munkánk közvetlen előzménye volt, hogy az August Böck (University of München) 
vezette kutatócsoport kimutatta, hogy a szelenocisztein fehérjékbe épüléséhez egy 
speciális tRNS-en és elongációs faktoron kívül szükség van két új, addig ismeretlen 
enzimre is (24). Ezek közül az enzimek közül az egyiket Escherichia coliban a selD gén 
határozza meg. A gén terméke egy, a génszekvencia alapján 347 aminosavból álló 
fehérjemolekula, amit SELD-nek jelöltek (25). E fehérjéről vizsgálataink során elsőként 
mi bizonyítottuk, hogy egy olyan enzim, aminek reakcióterméke a szelenofoszfát, és 
hogy ez a reaktív vegyület szolgál szelén donorként két, biokémiailag eltérő 
folyamatban. Ezek egyikében a szelén mint a szelenocisztein alkotóeleme specifikusan 
beépül a fehérjemolekulákba, míg a másik folyamat eredményeként bizonyos tRNS 
molekulákban jelenik meg a kénatomot helyettesítve az 5-metilaminometil-2-tiouridin 
minorbázisban (26). 
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2. KÍSÉRLETI EREDMÉNYEK 
 
2.1. A szelénatom beépülése bakteriális tRNS 5-metilaminometil-2-tiouridin 
minorbázisába in vitro [75Se]szelenit jelenlétében 
     Escherichia coli és Salmonella typhimurium esetében is izoláltak olyan mutánsokat 
(fdhB és selA1) (24, 20), melyeknél nem mutatható ki a szelén specifikus beépülése 
sem a fehérjékbe, sem a tRNS molekulákba. Mindkét baktériumban a selD gént találták 
funkcióképtelennek (27), amely a vad típusú baktériumoknál a SELD fehérje szintézisét 
biztosítja (25). A fenti ismeretek alapján két kérdés is felmerült, amit szerettünk volna 
megválaszolni. Az egyik kérdés az volt, hogy milyen módon teszi lehetővé a SELD 
fehérje a szelenocisztein UGA (opal) kodon irányította beépülését a fehérjékbe, a másik 
kérdés pedig az volt, hogy vajon a lizin, glutaminsav és glutamin akceptor tRNS 
molekulákban kimutatott 5-szubsztituált-2-szelenouridin megjelenését is elősegíti-e a 
SELD fehérje, vagyis összekötő kapocsként szolgál-e az említett, egymástól eltérő 
folyamatok között. 
     A SELD fehérje szerepének feltárásához első lépésként egy olyan, nem túlzottan 
időigényes in vitro módszerre volt szükség, amivel nyomon lehetett követni a 
szelénatom tRNS-be épülését. Előzetes ismeretek szerint a Salmonella typhimurium és 
Methanococcus vannielii baktériumok in vivo gyorsan beépítik makromolekuláikba a 
radioaktív szelénatomot (20, 19), ezért ezen baktériumok teljes homogenizátumát 
választottuk kísérleteinkhez enzim és tRNS szubsztrát forrásként (Veres et al., 1990: 36-
39. oldal; Politino et al., 1990: 40-43. oldal). A kapott adatok szerint a 
75
Se atom tRNS-
be épülése nagy fajlagos aktivitású (1000 Ci/mmól) [75Se]szelenit (e vegyület a reakció 
körülményei közt [75Se]szeleniddé redukálódik) alkalmazásával in vitro is kimutatható 
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volt, és sebessége függött a nem radioaktív szelenit mennyiségétől. Az inaktív szelenit 
koncentrácójának emelése csökkentette a beépülő radioaktivitást, és növelte az összes 
beépült Se mennyiségét (37. oldal: 2. Táblázat; 41. oldal: 1. Táblázat). O-acetil-L-
szerin, a szelenocisztein prekurzora, koncentrációjától függően növelte a beépült szelén 
mennyiségét, míg az O-szukcinil-L-homoszerin vagy az O-foszfo-L-szerin nem 
befolyásolta azt (37. oldal: 3. és 4. Táblázat; 41. oldal: 2. Táblázat). Mindkét törzsből 
származó sejthomogenizátumban az L-szelenocisztein jelenléte csökkentette, a D-
szelenocisztein viszont nem befolyásolta a 75Se atom beépülésének mértékét, (38. oldal: 
5. Táblázat; 42. oldal: 4. Táblázat). A kapott adatok felvetik annak lehetőségét, hogy in 
vivo az L-szelenocisztein is szolgálhat szelén forrásként. A reakcióelegyhez adott 
homológ tRNS preparátum hatására a beépült 75Se mennyisége nőtt, míg a jelzett tRNS 
specifikus aktivitása nem változott (38. oldal: 6. Táblázat). A reakcióelegy kiegészítése 
ATP-vel növelte, míg az ,-, és ,-metilén-ATP adása csökkentette a 75Se atom 
tRNS-be épülésének mértékét (37. oldal: 1. Táblázat; 41. oldal: 1. Ábra), ami egyrészt 
arra utal, hogy a folyamat ATP-t igényel, másrészt arra, hogy a sejtpreparátumok 
tartalmaztak endogén ATP-t (vagy ATP generáló rendszert). Az in vitro kísérletekben 
megfigyelt szelén beépülés a tRNS molekulákba tehát ATP igényes folyamat, mely 
függ a reakcióelegyhez adott szelenit és a tRNS koncentrációjától is. A 75Se atom 
beépülése a tRNS frakcióba a Salmonella typhimuriumból készült teljes 
homogenizátum felülúszójával is kimutatható volt, ami a folyamatban részt vevő 
enzimek körét a szolubilis enzimekre szűkítette (38. oldal: 1. Ábra). A 75Se tartalmú 
tRNS emésztését követő HPLC vizsgálat kimutatta, hogy a radioaktív szelénatom az 5-
metilaminometil-2-szelenouridin alkotórésze (38. oldal: 2. Ábra; 42. oldal: 2. Ábra), 
ahogy azt Escherichia colival és Methanococcus vannieliivel végzett in vivo vizsgálatok 
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már korábban bizonyították (26). Az Escherichia colival nyert eredményeknek 
megfelelően (19) az általunk vizsgált két baktériumtörzsben is főként a lizin, 
glutaminsav és glutamin izoakceptor tRNS molekulák jelölődésére utalt az RPC-5 
töltettel végzett oszlopkromatográfia utáni aminosav akceptor aktivitás vizsgálata (42. 
oldal: 3. Ábra és 5. Táblázat). Az in vitro módszerrel nyert adatok tehát összhangban 
voltak az in vivo megfigyelésekkel, ami alátámasztotta alkalmazhatóságát. 
 
2.2. A SELD fehérje szerepe a 2.1. fejezetben leírt kén-szelén szubsztitúciós reakcióban       
     A 
75
Se atom tRNS-be épülésének in vitro nyomon követhetősége lehetővé tette azt, 
hogy a SELD fehérje szerepét vizsgálhassuk a kén-szelén szubsztitúciós reakcióban 
(Veres et al., 1992: 44-48. oldal). Nagymértékben megkönnyítette a további 
vizsgálatokat az is, hogy az MC4100 Escherichia coli törzs segítségével a SELD 
fehérjét mg-os mennyiségben tudtuk előállítani.  
    A Salmonella typhimurium SelA1 mutánsa in vivo nem képes szelénatomot beépíteni 
tRNS molekuláiba. A tisztított SELD fehérje, valamint ATP és radioaktív szelenid 
jelenléte viszont lehetővé tette, hogy a mutánsból származó durva enzimpreparátum in 
vitro beépítse a 75Se atomot 5-metilaminometil-2-szelenouridinként a hozzáadott, 
homológ tRNS szubsztrátba (47. oldal: 5. Ábra). (Az autentikus 5-metilaminometil-2-
szelenouridinével megegyező retenciós idővel eluálódó radioaktív csúcs közelében 
megjelenő másik radioaktív csúcs valószínűleg olyan molekulát tartalmaz, melynek 
eltérő az 5-ös helyzetű szubsztituense.) A SelA1 mutánsból származó durva 
enzimpreparátum nélkül a SELD mint egyedüli enzim nem katalizálta a szelénatom 
beépülését a hozzáadott homológ tRNS szubsztrátba. Az eredmény azt igazolta, hogy a 
SELD fehérje nemcsak a szelénatom fehérjékbe épülését, de a tRNS-be való beépülését 
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is elősegíti, tehát közös tényezőként szerepel a két folyamatban. E megfigyelés 
legegyszerűbb magyarázatának az látszott, hogy a SELD fehérje egy olyan enzim, ami 
mindkét folyamatban felhasználható szelén donor molekulát szintetizál, ahogyan ezt 31P 
NMR spektroszkópia segítségével sikerült is később bizonyítanunk.  
     Az a megfigyelés, hogy a tRNS módosítása szelénatommal ATP igényes folyamat 
arra utalt, hogy a SELD fehérje szerepének megértéséhez a kulcsot az ATP és a szelenid 
között végbemenő reakció adhatja, amit a SELD fehérje katalizál. A reakció 
végtermékeinek egyikét [14C]ATP szubsztrát alkalmazásával vékonyréteg 
kromatográfia segítségével AMP-ként azonosítottuk. A SELD enzim katalizálta ATP 
bontás magnéziumion-függést mutatott, és 1:1 - 2:1 Mg++:ATP arány esetén volt 
optimális (45. oldal: 2. Táblázat), csak -2-es oxidációs állapotú szelén (szelenid) 
jelenlétében ment végbe, és szelenit, illetve szulfid nem szolgáltak szubsztrátként. Ez 
utóbbi az enzim nagyfokú szelén specifitását bizonyítja, hisz a megfelelő kénvegyületek 
a szelénvegyületekkel összehasonlítva ezerszeresnél nagyobb feleslegben vannak jelen a 
sejtekben. Ortofoszfát, ammóniumszulfát és ADP nem gátolta a reakciót, ellentétben az 
AMP-vel (45. oldal: 1.Táblázat). Miután a SELD enzim katalizálta reakcióban, anaerob 
körülmények között, csak szelenid jelenlétében alakult az ATP AMP-vé, valószínűnek 
tűnt a feltételezés, hogy a reakció másik terméke egy P-Se kötést tartalmazó molekula 
lehet. Ennek igazolása azonban, a redukált szelénvegyületek nagyfokú bomlékonysága 
miatt nem volt olyan egyszerű, mint az AMP kimutatása. A szelénatomot tartalmazó 
termékről a teljes reakcióelegy oxigéntől mentes körülmények között végzett 31P NMR 
spektroszkópiás vizsgálata adott végül felvilágosítást. A spektrum tartalmazta a 
szubsztrát ATP-re és a már azonosított AMP termékre jellemző rezonancia jeleket, de 
ezen kívül ortofoszfát és egy ismeretlen, foszforatomot tartalmazó vegyület jelenlétét is 
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bizonyította (46. oldal: 3. Ábra). E vegyület képződése magnéziumion, illetve szelenid 
hiányában nem volt észlelhető, ahogy az AMP képződése sem. Az ismeretlen molekula 
bomlékonyságára utalt, hogy a levegő oxigénjének kitett reakcióelegy 31P NMR 
spektrumából eltűnt az előtte 23,2 ppm-nél észlelt rezonancia jel. Azt, hogy az 
ismeretlen termék valóban tartalmaz szelénatomot, amit a 31P kémiai eltolódás értéke 
valószínűsített, 77Se stabil izotópban dúsított Na77SeH alkalmazásával sikerült igazolni. 
A 
77Se atommag jelenléte az ismeretlen termék rezonancia jelének felhasadásához 
vezetett (47. oldal: 4. Ábra ). A spin csatolás mértéke szelén-foszfor kötés jelenlétét 
bizonyította, tehát azt, hogy a SELD enzim katalizálta reakció szelén tartalmú terméke 
szelenofoszfát. Ennek a reaktív, redukált szelénvegyületnek a jelenlétét biológiai 
rendszerben mi mutattuk ki elsőként. 
 
2.3. A SELD enzim katalizálta reakció szelénatomot tartalmazó termékének azonosítása, 
ami lehetővé tette a SELD fehérje szelenofoszfát szintetázként való meghatározását 
     A fehérjékbe és bizonyos tRNS molekulákba specifikusan beépülő szelénatom tehát 
egy reaktív, redukált szelén donor vegyületből származik, amit a SELD enzim 
szintetizál. E vegyület azonosságát a monoszelenofoszfáttal a későbbiekben sikerült 
igazolnunk (Glass et al., 1993: 49-53. oldal). A kémiai szintézis útján előállított, 
autentikus monoszelenofoszfát és a SELD enzim katalizálta reakcióban keletkezett 
szelenofoszfát 31P NMR spektroszkópiával detektált kémiai eltolódásának pH függése 
azonosnak adódott (51. oldal: 1. Ábra). Az enzimreakcióban keletkezett, a fehérjétől és 
a szelenid szubsztrát feleslegétől elválasztott szelenofoszfát (52. oldal: 2. Ábra) és az 
autentikus monoszelenofoszfát 31P kémiai eltolódás értéke és a 31P-77Se kapcsolási 
állandó értéke is megegyezett (52. oldal: 3. Ábra). A SELD katalizálta reakcióban 
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képződött [75Se]szelenofoszfát és a kémiai szintézis útján nyert monoszelenofoszfát 
retenciós ideje fordított fázisú oszlopon, HPLC módszert alkalmazva azonosnak 
adódott, amit a frakciók 31P NMR vizsgálata és a -számlálóval mért radioaktivitás 
értékei igazoltak. Az enzimatikusan előállított szelenofoszfát és az autentikus 
monoszelenofoszfát fizikai-kémiai sajátságain alapuló azonosságát a biokémiai 
vizsgálatok is alátámasztották. A Salmonella typhimurium SelA1 mutáns baktérium 
homogenizátumából készült enzimpreparátum a hozzáadott, tisztított SELD enzim 
hatására ATP és [75Se]szelenid jelenlétében képessé vált 75Se atomot építeni 5-
metilaminometil-2-szelenouridin formájában a tRNS frakciójába, ahogy ezt a 2.2. 
fejezetben leírtam. Autentikus monoszelenofoszfát hozzáadása a reakcióelegyhez 
koncentrációjától függő módon gátolta a radioaktív szelénatom beépülését a tRNS-be, 
ami a SELD enzim katalizálta reakcióban keletkezett Se donor vegyület, a 
[
75Se]szelenofoszfát hígulására utalt (53. oldal: 4. Ábra). A másik lehetőséget, hogy a 
monoszelenofoszfát gátolta a SELD enzimet, kizártuk [14C]ATP szubsztrát bomlásának 
vizsgálatával. A reakcióban keletkezett [14C]AMP mennyiségét 0,5 mM 
monoszelenofoszfát nem befolyásolta, míg a 75Se atom tRNS-be épülését 95 %-kal 
csökkentette. A fenti vizsgálatok alapján igazoltuk, hogy a SELD enzim katalizálta 
reakcióban képződő szelenofoszfát megegyezik az autentikus monoszelenofoszfáttal, és 
így a SELD enzimet szelenofoszfát szintetázként sikerült azonosítanunk. 
     A felvetett két kérdésre tehát megtaláltuk a választ. Igazoltuk, hogy a SELD enzim 
katalizálta reakció szelenofoszfát termék képződését eredményezi, és valószínűsítettük, 
hogy ez a vegyület mint szelén donor molekula teszi lehetővé a bizonyos tRNS 
molekulákban megtalálható 5-metilaminometil-2-szelenouridin szintézisét, és a 
fehérjealkotó szelenocisztein megjelenését is. 
 13 
2.4. A szelénatom tRNS molekulába épülésének további vizsgálata szelenofoszfát 
szubsztrát alkalmazásával 
     A következőkben azt vizsgáltuk, hogy a szelenofoszfát egyedüli szubsztrátként 
elegendő-e a tRNS molekulában lezajló kén-szelén szubsztitúcióhoz (Veres et al., 1994: 
54-58. oldal). Ehhez egyrészt [75Se]szelenid és ATP mentes [75Se]szelenofoszfátra volt 
szükség, másrészt pedig a Salmonella typhimurium SelA1 törzséből készült 
enzimpreparátum tisztítására. A [75Se]szelenofoszfát tisztításához a szelenofoszfát 
szintetáz katalizálta reakcióban keletkezett [75Se]szelenofoszfátot anaerob körülmények 
között végzett molekulaszűréssel elválasztottuk az enzimtől és a [75Se]szelenid 
szubsztrát feleslegétől. Az ilyen módon tisztított [75Se]szelenofoszfát frakció azonban 
még tartalmazta az AMP terméket és az ATP szubsztrát feleslegét is. A 
[
75Se]szelenofoszfátot a nukleotidoktól ionpár képzésen alapuló HPLC módszerrel 
választottuk el (52. oldal: 2. bekezdés). A fenti kromatográfiás módszerekkel 
megtisztított [75Se]szelenofoszfát a Salmonella typhimurium SelA1 mutánsából készült, 
részlegesen tisztított enzimpreparátum jelenlétében lehetővé tette a 75Se atom tRNS-be 
épülését 5-metilaminometil-2-szelenouridin formájában (55. oldal: 3. Táblázat; 56. 
oldal: 2. Ábra; 57. oldal: 4. Ábra) ugyanúgy, ahogy azt a szelenofoszfát szintetáz és 
szubsztrátjainak az ATP-nek és a szelenidnek jelenlétében előzőleg kimutattuk (55. 
oldal: 2. Táblázat; 56. oldal: 2. Ábra). A tRNS módosítását katalizáló, részlegesen 
tisztított enzimpreparátumon kívül csak szelenofoszfátot tartalmazó reakcióelegybe 
inaktív szelenidet juttatva, az nem csökkentette a 75Se beépülésének mértékét (55. oldal: 
3. Táblázat), ellentétben a kémiai szintézis útján nyert szelenofoszfáttal (56. oldal: 1. 
Ábra). Ez alátámasztotta, hogy a tRNS módosítását katalizáló enzim szubsztrátja a 
szelenofoszfát (appKm = 17,1 M; 57. oldal: 3. Ábra). A kapott eredmény szerint a 
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szelénatom beépülése a tRNS-be szelenofoszfát szintetáz, ATP és szelenid hozzáadása 
nélkül is végbemegy, ha szelenofoszfát van jelen szelén donorként. Az adatok arra is 
utaltak, hogy a szelén beépülése az 5-metilaminometil-2-tiouridin molekulába a kén-
atom helyére nem igényel ATP-t. Ezt a feltételezést a SelA1 mutánsból nyert 
enzimpreparátum további tisztításával kellett bizonyítani, hiszen a durva 
enzimpreparátum szennyezésként esetleg tartalmazhatott ATP-t. A mutáns törzset 
felhasználva ötlépéses tisztítási folyamattal, ami ammónium szulfátos frakcionálást, 
molekulaszűrést, anioncserélő és hidroxiapatit kromatográfiát foglalt magába, 50-60 %-
os tisztaságú enzimet állítottunk elő (55. oldal: 1. Táblázat). A preparátum aktivitása az 
utolsó két lépésben lecsökkent, amit hőkezelt teljes homogenizátum vagy a teljes 
homogenizátum kis molekulasúlyú frakciójának hozzáadásával nem lehetett 
megakadályozni. Az aktivitás csökkenés ellenére, a tisztítási folyamat utolsó három 
lépésében kapott enzimpreparátumokat felhasználva megvizsgálhattuk a szelénatom 
tRNS-be épülésének ATP igényét. ATP mentes [75Se]szelenofoszfát mint szelén donor 
szubsztrát jelenlétében a tRNS módosítása ATP hozzáadása nélkül is végbement, és a 
folyamatot még nagy koncentrációban (10 mM) sem gátolta ,-metilén-ATP (56. oldal: 
4. Táblázat). Ez az eredmény arra utal, hogy a szelenofoszfát közvetlen módon támadja 
meg az 5-metilaminometil-2-tiouridin 2-es szénatomját, és a szelén addíciójával együtt 
a kénatom eliminációja is megtörténik. A kezdeti kísérletekben (2.1. fejezet) észlelt 
ATP igény tehát csak a szelenofoszfát szintézisének ATP függését tükrözte.  
     A részlegesen tisztított tRNS módosító enzim koncentrációjának függvényében a 
75Se atom beépülése a tRNS molekulákba lineáris volt (56. oldal: 5. Táblázat). A 
szelenofoszfát appKm értéke 17,1 M-nak adódott (57. oldal: 3. Ábra). Az enzim másik 
szubsztrátjára, a tRNS-re vonatkozóan a következőket állapítottuk meg. Homológ vagy 
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Escherichia coliból származó tRNS egyaránt jó szubsztrátnak bizonyult. Homológ tRNS 
abban az esetben, ha a baktériumok szelén tartalmú táptalajon nőttek, és az Escherichia 
coli asuE mutánsból izolált tRNS viszont nem szolgált szubsztrátként (57. oldal: 6. és 7. 
Táblázat). Ennek magyarázata az, hogy az asuE mutáns tRNS molekulái nem 
tartalmaznak 2-tiouridint, illetve hogy a szelén jelenlétében in vivo módosult tRNS in 
vitro tovább már nem módosítható. KIO4-el kezelt tRNS, amelyben a 3'-adenozil vég 
oxidálódott, szintén szubsztrátnak bizonyult, ami arra utal, hogy a módosításhoz nem 
szükséges az intakt 3' vég megléte. 
      A részlegesen tisztított enzimmel katalizált reakcióban képződött, 75Se-vel jelzett 
tRNS emésztésével kapott nukleozidok HPLC módszerrel történt vizsgálata alapján, 
autentikus 5-metilaminometil-2-szelenouridin alkalmazásával igazoltuk, hogy a tRNS 
molekulákba beépült 75Se az 5-metilaminometil-2-szelenouridin része (57. oldal: 4. 
Ábra). A tRNS módosítását katalizáló enzim valószínűleg tartalmaz a reakció 
szempontjából fontos szulfhidril csoportot (vagy csoportokat), mert jódacetamiddal 
végzett alkilezés hatására elvesztette aktivitását. A fenti eredmények alapján 
megállapítottuk, hogy a SelA1 törzsből nyert enzimpreparátumok által katalizált S-Se 
szubsztitúciós reakcióhoz az 5-metilaminometil-2-tiouridint tartalmazó tRNS 
szubsztráton kívül csak a szelén donor szubsztrát, a szelenofoszfát szükséges. 
 
2.5. A szelenofoszfát szintetáz enzim és a katalitikus reakció  
     Az eddig ismertetett vizsgálatok eredményei a szelenofoszfát szintetáz jelentőségére 
utaltak, ami a biológiai rendszerekben a szelén donor vegyületként szolgáló 
szelenofoszfát szintézisében nyilvánul meg, lehetővé téve a szelénatom specifikus 
beépülését a szelén-függő enzimekbe és bizonyos tRNS molekulákba is. A 2.5. fejezet a 
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szelenofoszfát szintetáz enzim szubsztrátspecifitásáról, néhány felderített 
tulajdonságáról és az általa katalizált reakcióról nyert ismereteket tartalmazza (Veres et 
al., 1994: 59-65. oldal; Kim et al., 1992: 66-70. oldal; Kim et al., 1993: 71-76. oldal).  
 
2.5.1. A feltételezett kovalens enzim intermedier létezésének vizsgálata [14C]AMP 
ATP izotópcsere reakcióval 
     Az eredményekről beszámolva említettem, hogy a szelenofoszfát szintetáz szelenid 
jelenlétében ATP-t bont AMP, ortofoszfát és szelenofoszfát keletkezése mellett. Az 
enzimtisztítási folyamat első lépéseiben a tisztítás mértékét nem lehetett pontosan 
megállapítani a [14C]ATP szubsztrátból keletkező [14C]AMP mennyiségének 
meghatározásával, a többi ATP-t felhasználó enzim jelenléte miatt. A szelenidtől függő, 
illetve független AMP képződés aránya 1,5 volt az ammónium szulfáttal (55 %) végzett 
frakcionálást követően, és 59 az első DEAE-Sepharose kromatográfia után. A második 
anioncserélő kromatográfiát követően pedig a [14C]AMP keletkezését kizárólag szelenid 
jelenlétében észleltük a katalitikus reakció optimálisnak talált körülményei között. A 
reakcióban az AMP kompetitív gátlónak bizonyult (Ki = 170 M; 62. oldal: 3. Ábra), 
ezzel ellentétben, sem az ortofoszfát (20 mM; 45. oldal: 1. Táblázat), sem a 
szelenofoszfát (1 mM; 52. oldal: 3. bekezdés) nem gátolt, ami többlépéses reakcióra 
utalt. A szelenofoszfát képződéséhez vezető reakció termékei között AMP-t lehetett 
kimutatni, ADP-t ellenben nem, ezért lehetségesnek látszott egy enzim-pirofoszfát 
intermedier létezése. Ilyen intermedieren keresztül történik például a piruvát, foszfát 
dikináz katalizálta reakció is (28). A feltételezett kovalens enzim-pirofoszfát 
intermedier létezését szelenidet nem tartalmazó reakcióelegyben, nagy 
enzimkoncentráció és hosszú reakcióidő alkalmazásával, [14C]AMP — ATP izotópcsere 
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reakciót vizsgálva próbáltuk valószínűsíteni. A feltételezett intermedier [14C]AMP-vel 
megvalósuló fordított reakciója a radioaktivitás beépülését eredményezhetné az ATP-
be. A részleges reakció végtermékei között azonban nemcsak a várt [14C]ATP, hanem 
[
14C]ADP is megjelent (62. oldal: 4. Ábra). Ez a megfigyelés felvetette a szelenofoszfát 
szintetáz enzim adenilát kinázzal való szennyezettségének lehetőségét, ami 
magyarázatul szolgált volna a radioaktív ADP keletkezésére. A felmerült kérdés 
tisztázására, az enzimtisztítási folyamat különböző lépései után nyert szelenofoszfát 
szintetáz preparátumokat megvizsgáltuk abból a szempontból, hogy felhasználják e 
szubsztrátként a [14C]ADP-t. A kapott adatok azt mutatták, hogy amennyiben a 
reakcióelegyből hiányzott a szelenid, és az enzimkoncentráció legalább tízszerese volt 
az addig a katalitikus reakcióban alkalmazotténak, akkor valóban kimutathatóvá vált az 
adenilát kinázra jellemző nukleotidok megjelenése, melyeknek koncentrációját a 
diadenozin pentafoszfát, egy adenilát kináz gátló vegyület csökkentette (62. oldal: 1. és 
2. Táblázat). A szennyező enzim jelenlétének magyarázata az, hogy a szelenofoszfát 
szintetázt egy, az enzimet túltermelő Escherichia coli törzsből tisztítottuk, ahol a 
szolubilis fehérjék 10-15 %-át alkotta a szintetáz, ezért a végső preparátum SDS-PAGE 
utáni Coomassie Brilliant Blue festése látszólag tisztának mutatta az enzimpreparátumot 
(61. oldal: 1. Ábra). A szelenofoszfát szintetáz elválasztását a nyomokban jelenlevő 
adenilát kináztól phenyl-Sepharose Cl-4B töltettel végzett oszlopkromatográfiával 
sikerült megoldani, ami kihasználja azt a különbséget, ami a két fehérje hidrofil-
hidrofób jellegében mutatkozik meg. A hidrofób kromatográfia segítségével tisztított 
szelenofoszfát szintetáz már nem mutatta a [14C]AMP — ATP izotópcserét, így a 
feltételezett enzim-pirofoszfát intermedier létét a vizsgálatok nem támasztották alá.      
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2.5.2. A szelenofoszfát szintetáz szubsztrátspecifitásának és egy, illetve két vegyértékű 
kation-függésének tanulmányozása 
     A tiszta szelenofoszfát szintetáz specifikus aktivitása 77 nmól/mg x perc-nek, Km 
értéke ATP-re pedig 0,9 mM-nak (73. oldal: 3. Táblázat), míg szelenidre a látszólagos 
Km érték 7,3 M-nak adódott (61. oldal: 2. Ábra). Többféle természetes nukleozid 
trifoszfátot, pirofoszfátot vagy polifoszfátot (n = 35) alkalmazva szubsztrátként, a 
kapott adatok arra utaltak, hogy az enzim specifikus az ATP-re (75. oldal: 5. Táblázat). 
ATP szubsztrát jelenlétében több természetes purin-, és pirimidin-nukleozid trifoszfát, 
illetve monofoszfát hatását tanulmányoztuk a szelenofoszfát szintetáz katalizálta 
reakcióra, és megállapítottuk, hogy gátló hatásuk kisebb 10 %-nál (75. oldal: 6. 
Táblázat). Az egyetlen kivétel az AMP volt, ahogy erre már utalás történt. A 
későbbiekben vizsgált adeninnukleozid analógok közül az 5’-p-fluoro-szulfonil-benzoil-
adenozin bizonyult a leghatékonyabb gátlónak az alkalmazott körülmények között (64. 
oldal: 4. Táblázat), aminek valószínű magyarázata a szulfhidril csoportokkal szembeni 
reaktivitása.  
     A két vegyértékű kationok vonatkozásában megállapítható, hogy a szelenofoszfát 
szintetáz aktivitása függ a magnéziumionok jelenlététől, amit sem mangán-, sem 
kobaltionok nem helyettesítenek (75. oldal: 7. Táblázat). A katalitikus reakciót mangán- 
és cinkionok gátolták (75. oldal: 8. Táblázat), nem befolyásolták ellenben kétértékű vas-
réz-, és kalciumionok. Egy vegyértékű kationok jelenléte szintén esszenciális feltétele 
az enzim működésének. A legnagyobb enzimaktivitás káliumionok adása után mérhető, 
de ammónium-, és rubídiumionok is elősegítik az enzimreakciót, ellentétben a lítium-, 
és nátriumionokkal, melyek káliumionok jelenlétében gátolják a szelenofoszfát szintetáz 
katalizálta reakciót (63. oldal: 5. Ábra ). Az első enzim, amiről kimutatták, hogy 
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káliumion aktiválja a piruvát kináz volt (29). A későbbi vizsgálatok azt is bizonyították, 
hogy a káliumion kötődése az enzim konformációjának megváltozását idézi elő (30). 
Lehetséges, hogy a szelenofoszfát szintetáz esetében is hasonló szerepet játszanak az 
enzimet aktiváló egy vegyértékű kationok. 
 
2.5.3. A szelenofoszfát szintetáz stabilitásának vizsgálata 
     A szelenofoszfát szintetáz stabilitására vonatkozó vizsgálatokból megállapítható, 
hogy az enzim –80 oC-on több évig tárolható aktivitásának megváltozása nélkül. A 
fehérje 10 mg/ml töménységű oldatának aerob körülmények között végzett 5 perces 
hőkezelése (50-60 oC) sem okozott mérhető aktivitás csökkenést. Oxigén átáramoltatása 
a fehérjeoldaton (10 perc, szobahőmérséklet), szintén nem változtatta meg az AMP 
termék mennyiségét. Hidrogén-peroxid kezelés ellenben az enzim aktivitásának 
csökkenéséhez vezetett (64. oldal: 5. Táblázat). Az eredmények arra utaltak, hogyha 
oxigén hatására történt is esetleg valamilyen oxidatív inaktiváció, az reverzibilis volt az 
enzimreakció reduktív körülményei között. Ezzel ellentétben a peroxid okozta 
inaktiváció, amiről kimutatták, hogy aminosav degradáció eredménye a vizsgált 
fehérjékben, irreverzibilisnek bizonyult. A katalitikus reakció szempontjából lényeges 
cisztein aminosavmaradék(ok) létezésére utalt a jódacetamiddal végzett alkilezési 
kísérlet. Az alkilezés enzim-inaktiváló hatását sem az ATP szubsztrát, sem a vizsgált 
szubsztrát analóg nem tudta meggátolni (65. oldal: 6. Táblázat). 
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2.5.4. A katalízis szempontjából lényeges aminosavmaradékok vizsgálata mutáns 
szelenofoszfát szintetáz enzimek segítségével 
     A szelenofoszfát szintetáz enzim génjének szekvenciája alapján a termék egy 347 
aminosavból álló, 37 kDa tömegű fehérje, ami 7 ciszteint is tartalmaz (25). Ezek közül 
kettő a molekula N-terminális végéhez közel található. A két ciszteint tartalmazó 
szekvencia (H
13GAGCGCK) hasonlít a több ATP-kötő fehérjében is fellelhető, 
konzervált ATP-kötő szekvenciához (31). E megfigyelés és a jódacetamid inaktiváló 
hatása alapján érdekesnek ígérkezett az említett szekvencia és a benne található 
ciszteinmaradékok szerepének vizsgálata a katalitikus reakcióban. Ennek lehetőségét 
I.Y. Kim kollégám teremtette meg, aki a kérdéses génszekvenciában pontmutációkat 
alkalmazva, olyan módosított enzimeket hozott létre, melyek csak egy-egy vagy 
egyszerre két aminosavban is különböztek az Escherichia coli eredeti szelenofoszfát 
szintetázától. A mutáns baktériumokat első lépésként egy olyan in vivo tesztben 
hasonlítottuk össze a vad típusúval, amely kimutatta a katalitikusan aktív szelenofoszfát 
szintetáz enzim jelenlétét. A kvalitatív vizsgálat azon alapul, hogy a szelenofoszfát 
szintézisére képes baktériumok aktív hangyasav dehidrogenázt is termelnek, és az 
enzim működése nyomán képződő hidrogén gáz detektálható. A mutáns enzimeket 
tisztításuk után in vitro kísérletekben hasonlítottuk össze a vad típusú baktériumokból 
származó enzimmel, hogy katalitikus aktivitásukról kvantitatív adatokat is nyerjünk. Az 
in vivo teszt alapján, a vad típusú baktériumhoz hasonlóan, aktív szelenofoszfát 
szintetáz jelenlétét sikerült kimutatni a módosítatlan enzim 19-es pozíciójú ciszteinje 
helyett szerint, a 13-as pozíciójú hisztidinje helyett aszparagint, a 18-as pozíciójú 
glicinje helyett valint és a 20-as helyzetű lizinje helyett arginint tartalmazó 
mutánsokban. Ezzel ellentétben a katalitikusan aktív enzim hiányára lehetett 
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következtetni a 17-es helyzetű cisztein helyett szerint, a 17-es és 19-es helyzetű cisztein 
helyett is szerint, és a 20-as pozíciójú lizin helyett glutamint tartalmazó mutánsok 
esetében (68. oldal: 1. Táblázat; 72. oldal: 1. Táblázat), annak ellenére, hogy a 
megfelelő méretű fehérje szintézisét ezekben a mutánsokban is ki lehetett mutatni a 
[
35S]metionin jelzést követő SDS-PAGE technikával (68. oldal: 2. és 3. Ábra). Az in 
vivo eredményekkel összhangban az in vitro enzimaktivitási vizsgálatok, melyekben a 
[
14C]ATP és szelenid szubsztrátok jelenlétében keletkező [14C]AMP mennyiségét 
mértük (68. oldal: 2. Táblázat; 73. oldal: 2. Táblázat) azt mutatták, hogy a 19-es cisztein 
helyett szerint, és a 13-as helyzetű hisztidin helyett aszparagint tartalmazó mutánsok 
enzimaktivitása megegyezett a módosítatlan szelenofoszfát szintetázéval. A 18-as glicin 
helyett valint tartalmazó enzim aktivitása kb. 70 %-kal csökkent, a 20-as helyzetű lizin 
helyett arginint tartalmazó fehérje aktivitása a kimutathatósági határ közelében volt, a 
20-as pozíciójú lizin helyett a neutrális glutamint tartalmazó mutáns enzim pedig 
teljesen inaktívnak mutatkozott. A módosított enzimekkel végzett kísérletek eredményei 
alapján a szelenofoszfát képződése szempontjából a 17-es pozíciójú cisztein és a 20-as 
helyzetű lizin is lényegesnek bizonyult. Az enzimaktivitások pontosabb 
összehasonlíthatósága érdekében meghatároztuk az ATP szubsztrátra vonatkozó Km és 
Vmax értéket a különböző módosított fehérjék esetében (73. oldal: 3. Táblázat). A Vmax 
értékek nem mutattak lényeges eltérést a vad törzsből izolált enzimmel kapott értéktől. 
A Km érték a 19-es cisztein helyett szerint, és a 13-as hisztidin helyett aszparagint 
tartalmazó fehérjéknél kismértékben, míg a 18-as glicin helyett valint tartalmazó mutáns 
enzimnél kb. négyszeresre nőtt. A katalitikus aktivitással rendelkező mutáns fehérjék 
esetében a reakció termékei megegyeztek a módosítatlan enzimmel kimutatott 
termékekkel, amit a 31P NMR spektroszkópiai vizsgálatok igazoltak (69. oldal: 4. Ábra).  
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     A 17-es és 19-es helyzetű ciszteinek esetleges szerepét az ATP kötődésében 8-azido-
ATP segítségével vizsgáltuk. A 8-azido-ATP fénytől elzárt reakcióelegyben 
koncentrációjától függően csökkentette a szintetáz katalizálta reakcióban képződő AMP 
mennyiségét (73. oldal: 2. Ábra). Figyelembe véve, hogy az enzimkinetikai mérések 
alapján ez a molekula kompetitív gátlónak bizonyult (74. oldal: 3. Ábra), vagyis képes 
volt elfoglalni az ATP kötőhelyet, érdemesnek tűnt 8-azido--[32P]ATP-vel elvégezni a 
fotoaffinitás-jelölési kísérletet, hogy a módosított enzimek ATP kötéséről információt 
nyerjünk (74. oldal: 4. Ábra). A módosítatlan enzim radioaktív jelölődésének mértékét 
inaktív ATP csökkentette, ami az ATP kötőhely részvételét mutatta a radioaktív ATP 
analóggal történt reakció során is. A vad típusú és a mutáns baktériumokból tisztított 
szelenofoszfát szintetáz enzimeket ezzel a technikával összehasonlítva azt tapasztaltuk, 
hogy a 17-es vagy 19-es helyzetű cisztein helyett szerint tartalmazó molekulákba csak 
kisebb mértékben épült be a radioaktív jelzés, míg a kettős mutánsból nyert enzimben 
egyáltalán nem volt kimutatható radioaktivitás. Az eredmények arra is utaltak, hogy a 
vad típusú és a többi, nem cisztein mutáns baktériumból tisztított szelenofoszfát 
szintetáz enzimben a kovalens módosulás mértéke hasonló. A 20-as helyzetben lizin 
helyett glutamint tartalmazó fehérjemolekula jelölődése azt mutatta, hogy e pozícióban 
nem szükséges bázikus aminosav jelenléte a 8-azido-ATP kötődéséhez. A fotoaffinitás-
jelölési kísérletek eredményei összhangban vannak azzal az elképzeléssel, hogy a 
szelenofoszfát szintetázban a 17-es és 19-es ciszteinek szerepet játszhatnak az ATP 
szubsztrát megkötésében, míg a 20-as lizin valószínűleg az ATP kötődése után, a 
katalitikus reakció későbbi szakaszában játszik lényeges szerepet.  
     A katalitikus aktivitással rendelkező és az inaktív, mutáns szelenofoszfát szintetáz 
enzimformák létezése lehetőséget adott annak vizsgálatára, hogy az inaktív molekulák 
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jelenléte befolyásolja-e az enzimaktivitást (75. oldal: 5. Ábra). A lizin-arginin vagy 
lizin-glutamin aminosav cserék esetén a módosított fehérjemolekulák nem befolyásolták 
az eredeti enzim aktivitását. A részlegesen aktív enzim esetében pedig összegződtek az 
aktivitás értékek. Az adatok alapján nem volt észlelhető az enzimreakció során létrejövő 
olyan fehérje-fehérje kölcsönhatás kialakulása, mely befolyásolta volna a katalitikus 
aktivitást. 
     A guanidin-HCl segítségével denaturált enzimekben kimutatható szulfhidril 
csoportok száma nem függött attól, hogy volt-e jelen redukálószer (70. oldal: 3. 
Táblázat), ami szintén arra utalt, hogy sem molekulán belüli, sem pedig molekulák 
közötti diszulfid-hidak nem alakulnak ki. A 17-es és / vagy 19-es cisztein 
aminosavmaradékok helyett szerint tartalmazó mutáns fehérjemolekulák SDS-PAGE 
segítségével vizsgált, merkaptoetanolt nem tartalmazó rendszerben kapott vándorlási 
sebessége azonos volt a módosítatlan enzimével. Ugyanezt tapasztaltuk natív 
poliakrilamid gél esetén is. E megfigyelések arra utalnak, hogy a mutáns 
fehérjemolekulák enzimaktivitásában mérhető különbség nem csupán esetleges 
konformációváltozásra vezethető vissza. A módosított szelenofoszfát szintetáz 
molekulákkal végzett kísérletek eredményeit összegezve megállapítható, hogy a vad 
típusú baktériumból tisztított enzimben a 17-es és 19-es helyzetben található ciszteinek 
lényegesnek tűnnek az enzim-ATP komplex kialakulásában. A 20-as helyzetű lizin 
ebben a folyamatban nem vesz részt, ellenben a szelenofoszfát képződése 
szempontjából elengedhetetlen, hogy ezt a pozíciót bázikus jellegű aminosav foglalja el. 
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2.5.5. A szelenofoszfát szintetáz katalizálta reakció sztöchiometriájának tanul-
mányozása 
     Ahogyan azt a 
31P NMR spektroszkópiai vizsgálatok is mutatták, a szelenofoszfát 
szintetáz katalizálta reakcióban ATP és szelenid szubsztrátokból AMP, ortofoszfát és 
szelenofoszfát termékek képződnek. Az enzimreakció sztöchiometriájáról két egymástól 
független módszerrel nyertünk adatokat (63. oldal: 1. bekezdés). Az első módszer 
lényege, hogy a reakciót oxigénmentes, argonnal töltött NMR csőben indítottuk, amit 
31
P NMR spektrumok több órán át tartó felvétele követett. Az ATP szubsztrát fogyását 
jellemző görbe meredeksége és a termékek koncentrációjának időbeli növekedését leíró 
görbék meredekségei hasonlónak mutatkoztak (ATP: 0,279; AMP: 0,277; ortofoszfát: 
0,346; szelenofoszfát: 0,242), ami 1:1:1 arányú termék-keletkezésre utalt. Már az 
elsőként nyert spektrumon sem volt teljesen azonos a három termék mennyisége. A 
keletkezett AMP mennyiségéhez képest (ami megegyezett az ATP fogyásával) több 
ortofoszfát és kevesebb szelenofoszfát jelenlétét észleltük. Ez a szelenofoszfát 
bomlására utal, amit az oxidációval szembeni nagyfokú érzékenysége magyaráz. 
Radioaktív szubsztrátok alkalmazásával ezért egy másik, gyorsabb módszert is 
kidolgoztunk a keletkezett termékek mennyiségének pontosabb mérésére. Folyamatos 
argon áramoltatás közben inkubáltuk a szelenofoszfát szintetázt Na75SeH és [14C]ATP 
szubsztrátokkal, majd a reakcióelegy egy részét polietilénimin-F-cellulóz lapon, 
levegőn kromatografáltuk, a másik részét pedig Sephadex G10 töltet alkalmazásával 
gélszűrésnek vetettük alá anaerob körülmények között. A vékonyréteg lapra 
felcseppentett reakcióelegyben a képződött [75Se]szelenofoszfát szelén komponense 
elemi szelénné oxidálódva a felcsöppentés helyén maradt, így elválasztható volt a 
[
14
C]AMP terméktől, aminek mennyiségét a kromatográfiát követően folyadék-
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szcintillációs méréssel meghatároztuk. A Sephadex G10 töltettel végzett gélszűrés 
eredményeként a [75Se]szelenofoszfát termék és a Na75SeH szubszrtát feleslege 
egymástól elválasztható volt (52. oldal: 2. Ábra), majd ezután a [75Se]szelenofoszfát 
mennyisége  számlálóval mérhető. A fenti kromatográfiás módszerekkel 2,2 mól 
AMP és 2,2 mól szelenofoszfát keletkezését mutattuk ki, ami igazolta a 31P NMR 
spektroszkópiai vizsgálatok alapján valószínűsített 1:1:1 arányú termékképződést. -
[
32
P]ATP-vel és [75Se]szelenofoszfáttal végzett kísérleteink arra utaltak, hogy a 
szelenofoszfátba az ATP  helyzetű foszfát csoportja épül be, amit néhány évvel később 
-[32P]ATP felhasználásával végzett kísérletekkel mások is alátámasztottak (32). 
 
2.6. Az új tudományos eredmények összefoglalása 
1. A Salmonella typhimurium és a Methanococcus vannielii különféle izoakceptor tRNS 
molekuláinak antikodon régiójában megtalálható 5-metilaminometil-2-tiouridin 
minorbázis kénatomjának specifikus cseréje szelénatomra ATP-t igénylő folyamat, ami 
a baktériumból készült teljes homogenizátumban in vitro is végbemegy szelenit 
jelenlétében, több enzim közreműködésével. 
 
2. A Salmonella typhimurium SelA1 mutánsából készült homogenizátumban a fenti 
kén-szelén szubsztituciós reakció csak abban az esetben zajlik le, ha az in vitro rendszer 
kiegészül a vad típusú baktériumból izolált SELD fehérjével. 
 
3. A SELD fehérje egy olyan enzim, ami ATP-t használ fel egy reaktív, Se-P kötést 
tartalmazó szelén donor vegyület szintéziséhez. 
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4. A SELD enzim katalizálta reakcióban képződő szelénvegyület azonos a 
monoszelenofoszfáttal, így a SELD enzim szelenofoszfát szintetázként azonosítható. 
 
5. Szelenofoszfát mint egyedüli szelén donor jelenlétében a szelénatom tRNS-be 
épülése sem szelenofoszfát szintetázt, sem ATP-t nem igényel többé. Szükség van 
ellenben egy másik enzimre és 5-metilaminometil-2-tiouridin minorbázist tartalmazó 
tRNS szubsztrátra, melynek 3'-adenozil vége nem tűnik lényegesnek a S-Se csere-
reakció szempontjából. A reakciót katalizáló enzim jódacetamiddal történő alkilezés 
hatására inaktiválódik, ami a szulfhidril csoport(ok) szerepére utal a folyamatban. 
 
6. Az Escherichia coliból származó szelenofoszfát szintetázról szerzett ismeretek 
alapján az enzim: 
a., Monomer, specifikus az ATP szubsztrátra (Km = 0,9 mM) és a szelenidre (a 
reakció csak -2-es oxidációs állapotú szelén esetén megy végbe). 
b., A reakció termékei az AMP, az ortofoszfát és a monoszelenofoszfát, aminek 
foszfát csoportja az ATP  helyzetű foszfát csoportjából származik. 
c., Az AMP, az ortofoszfát és a szelenofoszfát termékek 1:1:1 arányban 
keletkeznek az enzimreakció folyamán. 
d., A reakció termékei közül a szelenofoszfát és az ortofoszfát nem 
befolyásolják szignifikánsan a katalízis sebességét, míg az AMP kompetitív 
gátlónak (Ki = 170 M) bizonyult. 
e., A katalitikus reakció során enzim-pirofoszfát intermedier képződése nem 
mutatható ki. 
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f., A szelenofoszfát szintetáz reakció magnéziumiont igényel, amit a mangán és 
a kobalt két vegyértékű kationjai nem helyettesítenek. Magnéziumion 
jelenlétében a mangán-, és a cinkionok is gátolják a katalízist. 
g., Egy vegyértékű kation: K+ NH4
+ Rb+ jelenléte is elengedhetetlen feltétele 
az enzim működésének. Li+ és Na+ nem aktiválják a szintetázt, de K+ 
jelenlétében gátolják azt. 
h., A szelenofoszfát szintetáz nem érzékeny enyhe hőkezelésre, és az oxigén 
jelenlétére sem, de H2O2 gátolja a működését. Jódacetamiddal végzett alkilezés 
inaktiválja, és ezt az ATP szubsztrát vagy vizsgált analógja nem képes 
befolyásolni. 
i., A szelenofoszfát szintetáz molekula 17-es és 19-es helyzetű cisztein 
aminosavmaradékai szerepet játszanak az enzim 8-azido-ATP-vel történő 
derivatizációjában, ami az ATP szubsztrát kötésében játszott szerepükre utal. A 
20-as helyzetben található lizin pedig az ATP kötődését követő szakaszban 
nélkülözhetetlen az enzim működése szempontjából. Cseréje argininre aktivitás 
csökkenést, neutrális jellegű glutaminra pedig inaktiválódást eredményez. 
 
     A szelenofoszfát szintetázzal és a katalitikus reakció során keletkező szelén donor 
vegyülettel, a monoszelenofoszfáttal végzett kísérleteink legfontosabb eredményeit 
folyamatábrákkal összegezve (Stadtman et al., 1994: 77-80. oldal): 
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                   szelenofoszfát  
                       szintetáz 
H2Se
 + ATP         HSePO3H2 + H3PO4 + AMP 
                     
                            
                                                        
                                                               E 
5-metilaminometil-2-tiouridin(tRNS)  5-metilaminometil-2-szelenouridin(tRNS)  
 
     Eredményeink alapján a szelenofoszfát mint általános biológiai szelén donor 
vegyület köti össze azt a két folyamatot, amelyek egyikében (A) a szelénatom a 
szelenocisztein alkotóelemeként beépül a fehérjékbe, a másik folyamat (B) során pedig 
minorbázis komponensként tRNS molekulákban jelenik meg. (A szelén 
fehérjemolekulákba épülésének mechanizmusát az August Böck vezette kutatócsoport 
derítette fel). 
 
                                                        HSePO3H2 
 
 
                                                      
szeril-tRNSUCA  szelenociszteil-tRNSUCA fehérje 
 
 
5-metilaminometil-2-tiouridin(tRNS)  5-metilaminometil-2-szelenouridin(tRNS) 
 
 
 
 
 
 
 
 
A 
B 
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3. MÓDSZEREK 
 
     A szelenofoszfát szintetáz és a tRNS módosítását katalizáló enzim tisztításához 
ammóniumszulfáttal végzett frakcionálás után különböző oszlopkromatográfiás 
lépéseket használtunk (gélszűrés; anioncsere; hidroxiapatit, hidrofob és affinitás 
kromatográfia). Az enzimek tisztaságának ellenőrzéséhez az SDS-PAGE technikát 
alkalmaztuk.  
     A szelenofoszfát szintetáz aktivitásának mérésénél az AMP termék mennyiségének 
meghatározása a [14C]ATP szubsztrátból keletkező [14C]AMP és a szubsztrátfelesleg 
PEI-F-cellulóz lapon történt elválasztása után, folyadékszcintillációs méréssel történt. 
Az enzimreakció másik termékének, a szelenofoszfátnak meghatározása Na75SeH 
szubsztrát használatával, a keletkező [75Se]szelenofoszfát gélszűréssel és 
ionpárképzésen alapuló HPLC alkalmazásával végzett tisztítása után,  számlálóval 
történt méréssel volt lehetséges. 
     A tRNS módosítását katalizáló enzim aktivitásának meghatározásához a radioaktív 
szelént tartalmazó tRNS frakció tisztítására és  számlálóval történt radioaktivitás 
mérésre volt szükség. 
     A tRNS molekulák aminosav akceptor aktivitását a Kelmers et al. leírta módszer 
módosításával vizsgáltuk (33). 
     A tRNS molekulákba épült 75Se atomot tartalmazó nukleozid azonosítása, a tisztított 
tRNS frakció emésztése és a nyert nukleozidok fordított-fázisú HPLC analízise révén, 
autentikus 5-metilaminometil-2-szelenouridin felhasználásával történt. 
     A biológiai rendszerben először általunk kimutatott szelenofoszfát azonosítása  
31P NMR spektroszkópia alkalmazása révén vált lehetővé. 
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     A mutáns szelenofoszfát szintetáz enzimek létrehozása "site-specific mutagenesis" 
technika segítségével történt, a következő törzsek és plazmidok felhasználásával: 
E. coli DH5, E. coli MB08, E. coli BL21(DE3), E. coli 4100,  
pGP1-2 (kanamicin rezisztencia gén és hő-indukálható T7 polimeráz gén), pMN340 
(ampicillin rezisztencia gén és selD gén). 
     A szelenofoszfát szintetáz aktív centrumának derivatizációját 8-azido-ATP 
felhasználásával, a szulfhidril csoportok számának meghatározását az Ellman G.L. által 
leírt módszerrel végeztük (34). Az alkilezési kísérletekben jódacetamidot használtunk. 
     A fehérje koncentráció meghatározásához a Bradford (35) vagy a Smith et al. (36) 
által leírt módszereket alkalmaztuk. 
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ABSTRACT Broken-cell preparations ofSalnonela yphi-
murium rapidly incorporated 7"Se from 75SeO32 into tRNA by
an ATP-dependent process. Selenium incorporation in the
presence of 50 jbM 75SeO2- (0.8-1 pmol per Am. unit) was
enhanced by the selenocysteine precursor, O-acetyl-L-serine (to
3.7 pmol per A2,6 unit). This increase in incorporation was a
function of O-acetyl-L-serine concentration. Neither O-acetyl-
L-homoserine nor O-phospho-L-serine stimulated the incorpo-
ration of selenium into tRNA. The incorporation of "Se from
75SeO3f was decreased by adding L-selenocysteine but not by
adding the D isomer. When homologous bulk tRNA was added
to the broken-cell preparations, an increased rate of 75Se
labeling was observed. The supernatant fraction of the broken-
cell preparation contained all of the enzymes required for this
process. Reversed-phase HPLC analysis of labeled bulk tRNA
digested to nucleosides showed the presence of a labeled
compound that coeluted with authentic 5-methylaminomethyl-
2-selenouridine.
Sulfur and selenium are similar in many of their chemical
properties. This similarity allows several enzymes of sulfur
metabolism to catalyze the analogous reactions with seleni-
um-containing substrates. These reactions may result in the
nonspecific incorporation of selenium into macromolecules
(1). The specific occurrence of selenium in several proteins
and tRNAs has also been identified. Selenium is present as an
essential selenocysteine residue in the polypeptide chains of
several bacterial enzymes (2-5) and mammalian glutathione
peroxidase (6). Seleno-tRNAs found in Escherichia coli (7),
Clostridium sticklandii (8), Methanococcus vannielii (9), and
Salmonella typhimurium (10) that have lysine- or glutamate-
accepting specificity (7, 9, 11-13) contain 5-methylami-
nomethyl-2-selenouridine (mnm5Se2U) (14). In C. sticklandii
the major glutamate-accepting tRNA contains mnm5Se2U in
the "wobble position" ofthe anticodon (15). In E. coli and S.
typhimurium the sulfur analog, 5-methylaminomethyl-2-
thiouridine (mnm5S2U), is present in the wobble position of
the anticodons of lysine (16), glutamate, and glutamine tRNAs
(17). When selenium is available, these tRNAs contain both
mnm5S2U and mnm5Se2U in their anticodons (10, 18). A
previous study (18) indicated that sulfur introduced posttran-
scriptionally into 2-thiouridine residues in tRNAs can be
replaced by selenium in an ATP-dependent process. A pre-
cursor role of a 2-thiouridine residue in tRNAs is further
supported by the fact that an E. coli asuE mutant unable to
synthesize 2-thiouridines (19) also fails to introduce selenium
into tRNAs (10). Although neither the mechanism of the
selenium substitution reaction nor the enzymes required have
been elucidated, there is a superficial similarity to the process
whereby a uridine residue in tRNAs is converted to 4-
thiouridine (20). The first reaction of this sequence requires
ATP and presumably involves activation of the oxygen at the
4-position ofuridine to convert it to an effective leaving group.
In the presence of a second enzyme (the nuvC gene product)
and cysteine, the oxygen is replaced with sulfur forming a
4-thiouridine residue in the tRNA. The mechanism of the
sulfur-insertion step appears to be completely obscure and
may involve generation of a sulfane sulfur intermediate from
cysteine (21). A general role of the nuvC gene product as a
sulfur transfer enzyme is indicated by the fact that it also is
required for introduction of sulfur into the thiazole ring of
thiamine (22). An interesting parallel with this exists in the
pathways involved in the specific introduction ofselenium into
tRNAs and formate dehydrogenases (10, 23). Mutation of a
single gene, selD [initially termed selAl in S. typhimurium
(10)], prevents incorporation of selenium into 2-selenouridine
in tRNAs and also prevents the selenium addition step re-
quired for the formation of selenocystyl-tRNASeCA from seryl-
tRNASUe6A (24, 25). The selD gene product thus appears to
serve as a general selenium transfer enzyme and may use
selenocysteine as donor. The aim of the present work was to
develop a system that would be suitable for subsequent
investigation ofthe role ofthe SelD protein and the mechanism
ofthe tRNA posttranscriptional modification reactions in vitro
using soluble cell extracts of S. typhimurium.
MATERIALS AND METHODS
Materials. The following were purchased from commercial
sources: ATP, adenosine 5'-[a,,B-methylene]triphosphate(ADP[a,3-CH2]P), adenosine 5'-[f3,y-methylene]triphosphate(ADP[f,y-CH2]P), O-acetyl-L-serine, O-succinyl-L-homo-
serine, and O-phospho-L-serine (Sigma); nuclease P1 (Boeh-
ringer Mannheim); potato acid phosphatase (Calbiochem-
Behring). 75SeO23- was a gift from R. E. Schenter (Westing-
house-Hanford, Richland, WA). L- and D-selenocysteine and
mnm5Se2U were prepared as described (14, 26).
Growth of Bacteria. S. typhimurium was cultured anaero-
bically in Luria broth/0.5% glucose/20 mM potassium phos-
phate, pH 7.0, in the absence of added selenium. Cells were
labeled with 15Se during anaerobic growth at 30°C in a
minimal medium consisting of Vogel-Bonner salts (27)/0.5%
glucose/3.7 ,uM FeCl3/1 A.M 75SeO21 (2 mCi/liter; 1 Ci = 37
GBq).
Labeling of tRNA with 7Se in Vitro. Wild-type S. typhimu-
rium cells grown in non-selenium-supplemented Luria broth
(as above) were suspended in 10 mM MgCl2/1 mM dithio-
threitol/l mM EDTA/50 mM Tris HCI, pH 8.0 (2 ml/g of
cells) and ruptured in a French pressure cell at 10,000 psi (1
psi = 6.9 kPa). Each incubation mixture (0.5 ml) contained
0.4 ml of the broken-cell preparation and 50 ,uM 75SeO'- (45
,Ci), unless otherwise indicated. The mixtures were supple-
Abbreviations: mnm5S2U, 5-methylaminomethyl-2-thiouridine;
mnm5Se2U, 5-methylaminomethyl-2-selenouridine; ADP[a,,8-
CH2]P, adenosine 5'-[a,p-methylene]triphosphate; ADP[3,y-
CH2]P, adenosine 5'-[,8,ymethylene]triphosphate.
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Table 1. "Se incorporation into tRNA of S. typhimurium cells
Se in tRNA
Addition cpm/A2w unit pmol/Amo unit
None 1233 0.31
ATP* 3004 0.75
ADP[a,3-CH2]P 592 0.15
ADPJ,y-CH2]P 790 0.20
Each incubation mixture (0.5 ml) contained 0.4 ml of the broken-
cell preparation and 50 AM 75SeOi- (45 pCi). After 5-min incubation
at 370C the tRNA was isolated and 75Se labeling was measured as
described.
*Concentration of ATP and ATP analogs was 5 mM.
mented with other compounds as indicated. The tubes were
flushed with argon and incubated at 370C. After 5 min the
reaction was stopped by adding 0.5 ml of 88% (vol/vol)
phenol (equilibrated with 20 mM sodium acetate/10 mM
MgCl2/1 mM dithiothreitol, pH 5.0). Bulk tRNA was isolated
by phenol extraction and DEAE-cellulose chromatography
as described by Wittwer and Stadtman (18), except that
phenol extraction and ethanol precipitation were repeated
twice.
HPLC Nucleoside Analysis. Three to nine A260 units of
tRNA were hydrolyzed as described by Gehrke et al. (28),
except that potato acid phosphatase (50 ug in 20 mM sodium
acetate/10mM MgCl2/1 mM EDTA/1 mM dithiothreitol, pH
4.5) was used instead of bacterial alkaline phosphatase. The
entire digestion mixture was injected onto a 0.46 x 25 cm
Supelcosil LC-18-DB column (Supelco) equilibrated with 10
mM ammonium acetate, pH 5.3 (97%), and methanol (3%).
Chromatography was carried out at room temperature and at
a flow rate of 1 ml/min. The column was eluted isocratically
with buffer for 10 min followed by a linear gradient of 3-5%
methanol from 10 to 25 min, 5-16% methanol from 25 to 30
min, and 16-100% methanol from 30 to 35 min. The column
was washed with 100%o methanol for 30 min before returning
to the initial conditions. A Spectra-Physics SP8700 solvent
delivery system and a Hewlett-Packard 1040S spectropho-
tometric detector were used. The eluate was monitored at 257
and 313 nm (8-nm bandwidths), and both signals were refer-
enced against the absorbance at 550 nm (100-nm bandwidth).
Radioactivity in the HPLC fractions (0.5 ml) was measured
with a Beckman y 5500 counter.
RESULTS AND DISCUSSION
Broken-cell preparations of S. typhimurium, in which endog-
enous tRNAs served as the substrate, incorporated 75Se into
tRNAs when incubated with 50,M 75SeOj2 under anaerobic
conditions in the presence of 1 mM dithiothreitol (Table 1).
Under these conditions, 11SeO2- is reduced to H75Se-. The
incorporation of 75Se was stimulated =2.5-fold by ATP
addition, indicating that selenium is incorporated into tRNA
by an ATP-dependent process. A similar result was obtained
earlier with ruptured-cell preparations of E. coli (18). The
Table 3. 75Se incorporation into tRNA as a function of
O-acetyl-L-serine concentration
O-Ac-L-serine, Se in tRNA
,uM cpm/A2w unit pmol/A2w unit
2.5 3,771 0.94
25 4,899 1.22
50 6,513 1.63
100 9,327 2.33
250 15,121 3.78
500 14,950 3.74
1000 13,480 3.37
Each reaction mixture (0.5 ml) contained 0.4 ml of the broken-cell
preparation, 5 mM ATP, and 50 pM 75SeOj- (45 plCi). After 5-minincubation at 37C the tRNA was isolated and 7Se labeling was
measured.
Table 4. Effect of serine derivatives on 75Se incorporation
into tRNA
Se in tRNA
cpm/A2M pmol/A2W
Addition unit unit
O-acetyl-L-serine* 10,358 2.59
O-acetyl-L-serine + ATP 10,972 2.74
O-acetyl-L-serine + ADP[a,,-CH2JP 7,555 1.89
O-acetyl-L-serine + ADP([,'Y-CH21P 6,305 1.58
O-succinyl-L-homoserine + ATP 2,618 0.65
O-phospho-L-serine + ATP 2,331 0.58
Each reaction mixture (0.5 ml) contained 0.4 ml of the broken-cell
preparation and 50 ,uM 75SeOj- (45 jCi). After 5-min incubation at
3TC the tRNA was isolated and 75Se labeling was measured.
*Concentration of serine analogs was 500 ,uM.
decrease in incorporation in the presence of ATP analogs
(Table 1) indicates that the cell preparations contain endog-
enous ATP or an ATP-generating system. Increasing SeOij
concentrations up to 50 ,uM resulted in an increased 7"Se
incorporation (Table 2). The addition of 5 mM ATP stimu-
lated the incorporation =3-fold independent of SeO32 con-
centration. When O-acetyl-L-serine (a precursor of L-
selenocysteine) also was added, a further enhancement of
incorporation of 75Se was observed, and this increased with
increased concentrations of SeO2-. In contrast to O-acetyl-
L-serine, neither O-phospho-L-serine nor O-succinyl-L-
homoserine stimulated the incorporation of selenium into
tRNA (see Table 4). When the O-acetyl-L-serine concentra-
tion was varied between 2.5 and 1000 ,uM (at a constant
SeO}- concentration of 50 juM), a progressive increase of
7"Se labeling was seen up to 250 uM with no further increase
at higher levels of O-acetyl-L-serine (Table 3). Although in
the presence of O-acetyl-L-serine added ATP failed to in-
crease the extent of labeling of the tRNA, the addition of the
nonhydrolyzable ATP analogs decreased the 75Se incorpo-
ration (Table 4). This result suggests that there is a further
role for ATP in addition to that required for generation of
Table 2. "Se incorporation into tRNA as a function of SeO}- concentration
Se in tRNA
cpm/Amo unit pmol/A2w unit
Unlabeled SeO}-, ATP + O-Ac-L- ATP + O-Ac-L-
,uM No addition ATP serine No addition ATP serine
0 2059 9451 19,042
2.5 2009 6661 12,076 0.03 0.08 0.15
25.0 1441 3666 14,869 0.18 0.46 1.86
50.0 987 2941 14,950 0.25 0.76 3.74
ATP (5 mM) and O-acetyl-L-serine (500 ,uM) were added as indicated. Each reaction mixture (0.5 ml) contained 0.4 ml
of the broken-cell preparation and 45 ,uCi of 7"SeO}j.
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Table 5. Effect of selenocysteine on 75Se incorporation
into tRNA
75Se in tRNA,
Addition cpm/A260 unit
ATP* 5814
D-selenocysteinet + ATP 6810
L-selenocysteine + ATP 2815
L-selenocysteine 1150
L-selenocysteine + ADP[a,43-CH2]P 764
L-selenocysteine + ADP[13,y-CH2]P 811
Each reaction mixture (0.5 ml) contained 0.4 ml of the broken-cell
preparation and 45 ,Ci of 75Se0j- (when only the radioactive tracer
was present, the total amount of selenium added was -0.18 nmol).
After 5-min incubation at 370C the tRNA was isolated and 75Se
labeling was measured.
*Concentration of ATP or its analogs was 5 mM.
tD- or L-selenocystine (2.0 mM) was reduced in the presence of 50
mM dithiothreitol/0.5 M Tris HCl, pH 8.0, before addition to the
reaction mixture. Dilution of compounds was 10-fold in the final
reaction mixture.
Table 6. "Se incorporation into tRNA with homologous tRNA
added as substrate
tRNA isolated, 7Se in tRNA, Specific activity,
Addition A260 units cpm cpm/A260 unit
None 8.8 25,665 2916
Bulk tRNA* 12.7 40,829 3215
Each reaction mixture (0.5 ml) contained 0.4 ml of the broken-cell
preparation, 5 mM ATP, and 50 AM "SeO3- (45 uCi). After 5-min
incubation at 37°C the tRNA was isolated and 75Se labeling was
measured.
*Ten A260 units of bulk tRNA was added.
acetyl-CoA needed for the synthesis of O-acetyl-L-serine
when the latter is not added. Because O-acetyl-L-serine can
be converted to selenocysteine by O-acetylserine sulfur
transferase (29, 30) and the incorporation of 75Se into tRNA
is decreased by unlabeled L-selenocysteine but not the D-
isomer (Table 5), the selenium donor used for selenation of
tRNA may be selenocysteine. As pointed out above, in this
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FIG. 1. Time course of 75Se incorporation into tRNA. Each
reaction mixture contained 50,M 75SeO}- (45,uCi), 5 mM ATP, and
500 ,uM O-acetyl-L-serine. The enzyme source for curve A was 0.4
ml of broken-cell preparation; source for curves B and C was 0.35 ml
of supernatant of the broken-cell preparation; curve C was supple-
mented with 10 A260 units of homologous bulk tRNA.
instance a selenium transfer enzyme, analogous to the sulfur
transfer enzyme that uses cysteine for 4-thiouridine synthesis
in tRNAs (20), may be functioning. The effect of omission of
ATP in the presence of L-selenocysteine (Table 5) is similar
to that observed in its absence (Table 1). When S. typhimu-
rium bulk tRNA prepared from selenium-deficient cells was
added to broken-cell preparations to serve as a source of
mnm5S2U in tRNALYS, tRNAGlu, and tRNAGIn, there was an
increase in the amount of 75Se incorporation with no change
in the specific activity oftRNA (Table 6). The time course of
75Se incorporation into tRNA in the presence of ATP and
O-acetyl-L-serine is shown (Fig. 1, curve A). The lag period
observed at the beginning of the reaction indicates a rate-
determining early step. A soluble enzyme preparation, ob-
tained after separation of particulate material present in the
broken-cell preparation by centrifugation for 30 min in an
Eppendorf microfuge, exhibited lower activity when tested
20 30
Time, minutes
FIG. 2. Reversed-phase HPLC analysis of bulk tRNA from S. typhimurium hydrolyzed with nuclease P1 and acid phosphatase. Seven and
seven-tenths A260 units (15,000 cpm) oftRNA labeled in vitro with 75Se was digested to nucleosides and analyzed by HPLC as described. Seventy
percent of the radioactivity applied to the column was recovered in the three fractions. Elution positions of the four major nucleosides are
indicated by arrows.
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alone (Fig. 1, curve B) but when supplemented with bulk
tRNA, the extent of "Se labeling of tRNA (Fig. 1, curve C)
was similar to that observed with the particulate preparation
(Fig. 1, curve A). The amount of endogenous tRNA in the
soluble enzyme fraction was lower than that in the unfrac-
tionated extract (data not shown), indicating loss by cosed-
imentation with the particulate fraction. Thus, the lower "Se
incorporation (Fig. 1, curve B) was a reflection of loss of
substrate.
To characterize the selenium-containing components
formed in the tRNAs labeled in vitro, bulk "Se-labeled tRNA
was digested to nucleosides, and the digestion mixture was
analyzed by HPLC on a reversed-phase column (Fig. 2). The
peak at 10.5 min that coeluted with authentic mnm5Se2U
contained 40%6 of the radioactivity recovered from the col-
umn. The small broad peak at 34.5-36 min that was eluted
near the end of the gradient contained -8% of the recovered
radioactivity. It is possible that the nucleoside in this peak is
a highly hydrophobic selenium-containing nucleoside similar
to that found in mouse leukemia cells (31). The radioactive
compound in the early eluting peak (5 min) that contained
43% of the radioactivity of the profile has not yet been
identified. These radioactive peaks were also detected when
the tRNA was labeled in vitro in the presence of O-acetyl-
L-sernne or when it was labeled in vivo (data not shown). The
presence of mnm5Se2U in S. typhimurium tRNA labeled in
vivo was reported earlier by Kramer and Ames (10).
Fractionation of a bulk tRNA preparation from "Se-
labeled cells by chromatography on an RPC-5 column and
determination of the amino acid-accepting activities of the
"5Se-containing peaks showed that the two major seleno-
tRNA fractions eluted early in the profile were enriched in
glutamate-, glutamine-, and lysine-accepting activities (data
not shown). Thus, these Se-containing tRNAs appear to
correspond to those found in E. coli in which the two most
abundant seleno-tRNAs are also glutamate- and lysine-
accepting tRNA species (7).
We are grateful to Mr. Joe N. Davis for assistance with HPLC
analysis.
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ABSTRACT Selenium-containing nucleosides are natural
components of several tRNA species in Methanococcus van-
nieli. In the present study, the incorporation of selenium from
75SeOl- into these macromolecules was investigated in sonic
extracts ofM. vannielii. Nucleoside analysis of the "Se-labeled
tRNAs from these in vitro reaction mixtures demonstrated that
the selenium was present in "Se-labeled nucleosides identical to
the two naturally occurring 2-selenouridines produced in vivo.
Incorporation of selenium into these nucleosides was ATP-
dependent and was maximal after 20 min. Addition of 0-
acetylserine enhanced the activity 2- to 3-fold, implicating a
role for selenocysteine in the reaction. Added L-selenocysteine
could function as a selenium donor, but the D isomer and
DL-selenomethionine were inactive. RPC-5 chromatography of
bulk tRNA isolated from M. vannielii grown on "Se03
separated five major species of seleno-tRNAs. The amino
acid-accepting activity of these tRNAs was investigated.
Selenium-modified nucleosides occur in tRNAs from several
bacterial (1-4), mammalian (5), and plant (6) species. The most
prominent bacterial selenonucleoside is 5-methylaminometh-
yl-2-selenouridine; other selenonucleosides have yet to be
identified (1, 7). Although the precise biochemical role for this
specific modification has yet to be defined, the 2-selenouridine
that occurs in the "wobble position" of the anticodons of
lysine (8) and glutamate (9) tRNAs may regulate codon-
anticodon interactions (8, 9). Little is known about the mech-
anism of incorporation of selenium into selenonucleosides. A
likely precursor of the 2-selenouridine is its sulfur analog (10).
Because Methanococcus vannielii is a particularly rich source
ofseleno-tRNAs (1) and also contains considerable amounts of
at least two selenoenzymes (11, 12), this bacterial species
should possess elevated levels of the enzymes and cofactors
required for selenium incorporation processes. The present
study describes an in vitro system ofincorporation ofselenium
into tRNA and provides a partial characterization of the
biosynthesis of selenonucleosides in M. vannielii.
MATERIALS AND METHODS
Materials. Radioactive amino acids were purchased from
Amersham, and H275SeO3 was a gift from R. E. Schenter
(Westinghouse-Hanford, Richland, WA). Nuclease P1 was
obtained from Boehringer Mannheim; Supelcosil C18 column
was from Supelco; DEAE-cellulose was from Whatman;
ATP, adenosine 5'-[a,4-methylene]triphosphate, adenosine
5'-[,3,y-methylene]triphosphate, O-acetyl-L-serine, O-phos-
pho-L-serine, O-succinyl-L-homoserine, acid phosphatase,
and DL-selenomethionine were from Sigma. Plaskon CTFE
2300 powder and Adogen 464 for RPC-5 column packing were
gifts from G. D. Novelli (Oak Ridge National Laboratory,
Oak Ridge, TN). D- and L-selenocysteine were synthesized as
described (13).
Growth of M. vannielii. M. vannielii cells were cultured in
a formate mineral salts medium (11) supplemented with 1.0
AM NiCI2, 2 mM cysteine, 1 mM Na2S, 1.0L M Na2SeO3, or
0.5 ,M H275SeO3 (2 mCi liter; 1 Ci = 37 GBq). Cells were
harvested while actively fermenting. Sonic extracts of M.
vannielii were prepared from cells suspended in 2 volumes
(wt/vol) of 50 mM Tris HCI/10 mM MgCl2/1 mM EDTA/1
mM dithiothreitol, pH 8.0.
Assay for Incorporation of 75Se into tRNA. The reaction
mixture (500 ,l) contained 400 ,l of M. vannielii sonic
extract, 45 ,Ci of SeO2-, 5 mM MgCI2, 1 mM dithiothreitol,
and other supplements as indicated. Samples were incubated
under argon for 20 min at 37°C, and reactions were terminated
by adding 500 pl of phenol saturated with buffer A (20 mM
sodium acetate/10 mM MgCI2/1 mM EDTA/1 mM dithio-
threitol, pH 4.5). The tRNA was isolated, and incorporated
75Se was determined by measuring the radioactivity in a
Beckman y 5500 counter.
Isolation of tRNA. Cell extracts were gently shaken with
equivolume amounts ofphenol saturated with bufferA for 1.5
hr. The aqueous layer was removed and re-extracted with
phenol. After the second phenol extraction the tRNA in the
aqueous layer was precipitated by adding 2 vol of cold
ethanol. After several hours at -20°C, the precipitate was
collected and resuspended in buffer A, and the procedure was
repeated. The second tRNA precipitate in buffer A was
applied to a DEAE column equilibrated with buffer A. After
being washed with buffer A/0.3 M NaCI, the adsorbed tRNA
was eluted with buffer A/1 M NaCl and precipitated with 2
vol of cold ethanol. RPC-5 chromatography of bulk tRNA
was done as described (14).
Aminoacylation of tRNA. The reaction mixture (40 Al)
contained 100mM Tricine-KOH (pH 7.5), 5 mM ATP, 20 mM
MgCl2, 1 mM dithiothreitol, 10 mM KCI, 228 ,g of M.
vannielii aminoacyl-tRNA synthetase, 'IC-labeled amino ac-
ids, and 0.1-1.0 A260 unit oftRNA. The acceptor activity was
assayed by a modification of the procedure of Kelmers et al.
(15). The reaction was spotted on 2.3-cm Whatman 3-MM
filter disks and washed once in cold 10%o trichloroacetic acid,
twice in cold 5% trichloroacetic acid, and once in ethanol for
15 min. The disks were dried, and trichloroacetic acid pre-
cipitable radioactivity was determined by scintillation count-
ing.
Nucleoside Analysis. The 75Se-labeled tRNA was denatured
by boiling for 2 min and then treated with nuclease P1 (10 ,ug)
and potato acid phosphatase (50 ,ug) for 90 min. The reaction
mixture was then applied to a Supelcosil C18 column and
subjected to HPLC analysis using a Spectra-Physics SP8700
solvent-delivery system with a Hewlett-Packard 1040A spec-
trophotometer detector. Details are given in the legend of
Fig. 2.
RESULTS AND DISCUSSION
Because M. vannielii must be grown in media supplemented
with selenium in order to synthesize essential selenium-
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Table 2. Stimulation of selenium incorporation into tRNA
by O-acetylserine
Se in tRNA
Addition cpm/A,.w unit pmol/A260 unit
None 986 0.25
O-acetyl-L-serine 2599 0.65
O-phospho-L-serine 966 0.25
O-succinyl-L-homoserine 1063 0.27
Reaction mixtures (0.5 ml) contained 50 ALM SeOj-, 5 mM ATP,
and serine or homoserine ester (500 ttM) as indicated in addition to
the standard assay reagents.
or O-succinylhomoserine resulted in no enhancement of
~~~~~~~~~~~~activity(Table 2). Because one role ofATP in the reaction is
0 4 8 12 16 20 24 the generation of acetyl-CoA required for formation of 0-
rime, minutes acetylserine, a further requirement for ATP in the presence
1.Tmeoureofincrpoatio of"SeintotRN. Snic of added O-acetylserine was investigated. As seen in Table 3,
ts of M. vannielii (0.4 ml) were added to the standard assay thrisolasmlinesenslnumncprtonwn
-e and incubated at 370C under argon with 45 jtCi of 75SeOj- ATP is added in the presence of O-acetylserine. However,
IjiM SeOj- in the presence (m) and absence (e)of 5 mM ATP. when ATP is replaced with the ATP analogs, selenium
indicated times the reactions were stopped, the tRNA was incorporation is significantly reduced (Table 3). These results
d, and incorporated radioactivity was determined by count- suggest that there is an ATP-dependence in addition to that
required for O-acetylserine synthesis, but this requirement is
identenzyms,may of he enogenos tRNs not detectable until the effective concentration of the endog-
dypentenzymtesmany fofmstheudgrenous tredcngs are enous ATP is reduced upon addition of the competing ATP
blyipresen austrthseln forms,i gnrealyreduiong analogs. When equimolar concentrations of ATP and analog
ofmsubstrate ofortei incorporationofsenimnt are present, there is no reduction of selenium incorporation
k(Fig. 1) reveals that in the presence ofATP a maximum (data not shown).
aineaftr2min Altoug theamout o oveall To further characterize the possible mechanism of sele-
linedo afte mm(t Althoug theA asmount lofwoertall nium incorporation, the nature of the selenium donor was
investigated. In the reaction mixtures SeOl- is reduced to
vel found in bulk tRNA labeled in vivo (320 pmol per 3~
it is sufficient to explore requirements for the reaction.
He yteadddtil n hscnsrea oo o h
addition of 10 units of bulk M. vannielii tRNA to the formation of selenocysteine from O-acetylserine by enzymes
onmxtue, her isan increase of -2 pmol in the total in the crude extract. In view of the enhanced activity seen on
on mixturenther iscroaedwt ochneOseii-acetylserine addition, which suggests involvement of se-
nt seleniupm incrporatedwnit
.2 nmolhaneri spcuific lenocysteine in the process, the ability of unlabeled seleno-
.Iabsence of ATP, selenium incorporation is greatly cysteine to dilute the labeled intermediate was investigated.
ased and reaches a maximum at a much lower level The results (Table 4) show that without any additional source
the same 20-mmn period (Fig. 1). This ATP-dependence of selenium, incorporation Se from the added "SeO
r~nium incorporation has been observed with permeabi- unaffected by adding D-selenocysteine or DL-selenomethio-
Escherichia coli cells (10) and more recently with nine to the reaction mixture. In contrast, L-selenocysteine
16).addition resulted in a marked decrease in the specific activity
reaprsin etheaconcentration eolula beledh Nau SeOm inthe of the labeled tRNAs. These results suggest dilution of a
,on mixture, up to 100 ttM, resulted in an increase in the laeledocstelnenimdnrb.h)oration of selenium into the tRNA (Table 1). Addition
selenosteiane. h rdc f h nvtoslnto
acetyl-L-serine, which can be converted to selenocys-Nu
in the presence of HSe- by the action of 0-acetylserine reaction formed in the absence of 0-acetylserine (Fig. 2)
(drylase (17), also enhanced the reaction 2- to 3-old revealed that the radioactive peaks cochromatographed with
t2). These results implicate a role for selenocysteine as the two selenium nucleosides isolated from cells labeled in
utm donor in the reaction. Addition of O-phosphoserine vivo with radioactive selenite. The early peak at 11 min
containing 72% of the radioactivity corresponds to the sele-
1. Effect of increasing Na2SeO3 concentration on the nium-containing nucleoside, 5-methylaminomethyl-2-sele-
incorporation of selenium into tRNA
Added Se in tRNA
Na2SeO3, AtM cpm/A260 unit pmol/A260 unit
0 1354 -0.0027*
10 1162 0.06
20 902 0.09
50 934 0.23
100 834 0.42
Reaction mixtures (0.5 ml) containing 45 j.tCi of 75SeOj-, 5 mM
ATP, unlabeled selenite as indicated, and the standard assay reagents
described in the text were incubated for 20 min at 370C.
*When only the radioactive tracer (45 AQi was present, the total
amount of selenium added was -~0.18 nmol. This amount neglects
the amount of unlabeled selenium present in endogenous selenium
compounds in the enzyme preparation.
Table 3. ATP-dependence of incorporation of selenium into
tRNA in the presence of O-acetyl-L-serine
Se in tRNA
Addition cpm/A~w unit pmol/A2w unit
None 1522 0.38
ATP 1664 0.42
ADP~a,43-CH2]P 808 0.20
ADP(J3,y,-CH2]P 1116 0.28
All samples contained 50 utM SeOj-, 500 A&M O-acetylserine, and
5 mM ATP or the ATP analogs adenosine 5'-[a43B-methylenel-
triphosphate (ADP[ca,/-CH2]P) and adenosine 5'-II8,y-CH2]-
triphosphate (ADPJ3,'y-CH2]P) in addition to the standard assay
reagents. In the absence of O-acetylserine, "Se incorporation in the
presence of 5 mM ATP was 1108 cpm/A260 or 0.28 pmol/A260 unit.
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Table 4. Determination of the ability of the selenoamino acids to
act as a substrate in the incorporation of selenium into tRNA
75Se in tRNA,
Addition cpm/A2wo unit
None 1203
L-selenocysteine 372
D-selenocysteine 1186
DL-selenomethionine 1269
Each reaction mixture (0.5 ml) contained 5mM ATP, the indicated
selenoamino acid (200 1tM), and the standard assay reagents.
nouridine (1). The second peak at 30 min corresponds to an
as-yet-unidentified selenonucleoside and represents 14% of
the radioactivity. Together the two peaks account for 86% of
the radioactivity applied to the column. Analysis of a digest
of tRNAs labeled in the presence of added O-acetylserine
showed a similar chromatographic profile. Because 80%o of
the applied 75Se was recovered in the two nucleoside peaks,
the enhanced incorporation of selenium into tRNAs seen in
the O-acetylserine-supplemented samples is a result of in-
creased incorporation into the nucleoside. Although the
isolated labeled tRNAs were not deliberately subjected to a
deacylation step, the contribution of esterified 75Se-labeled
selenoamino acids to the radioactivity measured appears
negligible.
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FIG. 2. HPLC nucleoside analysis of in vitro 75Se-labeled tRNA
from M. vannielii. 5Se-labeled tRNA (3.5 A260 units; 3500 cpm) was
hydrolyzed as described and chromatographed on a Supelcosil C18
column at 35°C and flow rate of 1 ml/min. The mobile phase at sample
injection was 97% 10 mM ammonium acetate, pH 5.3/3% methanol.
The column was eluted with increasing methanol as follows: 10-25
min, 3-5%; 25-30 min, 5-16%; 30-35 min, 16-100%6 methanol.
Fractions (0.5 ml) were collected and monitored at 313 nm, and the
'5Se content was determined by y counting. Elution positions of the
four major nucleosides-cytidine, uridine, guanosine, and adeno-
sine-are represented by C, U, G, and A, respectively. Arrows,
elution positions of the two naturally occurring selenonucleosides
from M. vannielii.
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FIG. 3. RPC-5 chromatography of seleno-tRNAs from M. van-
nielii. Bulk tRNA (230 A260 units; 500,000 cpm) prepared from M.
vannielii cells, grown on 75Se-containing media, was suspended in 1.0
ml ofbuffer B (10 mM sodium acetate/10 mM MgCl2/1 mM EDTA/1
mM dithiothreitol, pH 4.5) and applied to a RPC-5 column (0.9 x 49
cm). The column was washed with 35 ml of buffer B, and the tRNA
was eluted with a linear gradient of 0.45-0.85 M NaCl in buffer B at
a flow rate of 1 ml/min. Two-milliliter fractions were collected, and
the '5Se content of each fraction was monitored by y counting. The
fractions of peaks I, II, III, IV, and V were pooled, and the
aminoacylation of each pool was investigated as described.
RPC-5 chromatography of bulk tRNA isolated from M.
vannielii cells cultured in medium containing radioactive
selenite separated five major selenium-containing tRNA frac-
tions (Fig. 3). The material in each peak was pooled, con-
centrated, and assayed for amino acid-accepting activity.
Previously it had been reported that in M. vannielii, selenium
content in tRNA correlates linearly with glutamate-accepting
activity (1). From the results shown in Table 5 it can be seen
that the first two radioactive peaks, I and II, which were
eluted with 0.55 and 0.59 M NaCI, respectively, were highly
enriched in glutamate-, glutamine-, and lysine-accepting
tRNAs. In E. coli (4) and S. typhimurium (16, 18) these same
tRNA species are the major selenouridine-containing spe-
cies. The three later radioactive peaks, which are unique to
M. vannielii (1), were also assayed for amino acid-accepting
Table 5. Comparison of the aminoacylation of bulk tRNA with
that of the five seleno-tRNA fractions separated by
RPC-5 chromatography
Amino Conc., Amino acid incorporated, pmol/A260 unit
acid /AM Bulk Fr I Fr II Fr III Fr IV Fr V
Ala 73 3.1 6.2 4.4 5.4 14 3.6
Arg 17 1.8 3.8 3.4 9.6 4.4 17
Asn 25 0.5 5.0 4.8 3.2 1.9 3.9
Asp 55 0.5 4.2 1.2 3.8 0 0
Gln 313 1.2 39 47 15 5.2 19
Glu 45 0.6 13 7.4 0 0 3.6
Gly 110 5.1 10 6.4 21 8.7 4.1
His 17 12 2.9 3.3 7.8 3.0 2.3
Ile 37 7.9 11 34 1.8 1.4 1.8
Leu 37 7.0 2.5 2.0 15 6.7 7.1
Lys 17 0.3 6.1 3.6 1.8 2.3 2.3
Phe 24 4.1 2.5 3.7 15 6.7 9.1
Pro 44 0.8 5.3 3.6 1.5 1.7 4.9
Ser 71 1.0 3.6 4.2 3.6 3.2 5.1
Thr 25 0.4 5.5 5.5 2.7 3.1 3.5
Tyr 25 0.4 7.2 0 1.5 1.3 2.4
Val 20 2.2 14 16 6.4 2.5 2.9
Fractions (Fr) eluted from the RPC-5 column were dialyzed against
distilled water for 24 hr and concentrated. Amino acid acceptance
activity was determined as described. Conc., concentration.
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ability and found to be enriched in certain amino acid-
accepting tRNAs as compared with the bulk tRNA. How-
ever, it has yet to be determined which ofthese tRNA species
actually contains the selenonucleoside.
We are grateful to Mr. Joe N. Davis for technical assistance.
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Synthesis of 5-methylaminomethyl-2-selenouridine in tRNAs: 31P
NMR studies show the labile selenium donor synthesized by the
selD gene product contains selenium bonded to phosphorus
(selenophosphate/seleno-tRNAs)
ZSUZSA VERES*t, LIN TSAI*, THOMAS D. SCHOLZt, MICHAEL POLITINO*§, ROBERT S. BALABANt,
AND THRESSA C. STADTMAN*¶
Laboratories of *Biochemistry and of tCardiac Energetics, National Heart, Lung, and Blood Institute, National Institutes of Health, Bethesda, MD 20892; and
tCentral Research Institute for Chemistry, Hungarian Academy of Sciences, Budapest, Hungary
Contributed by Thressa C. Stadtman, December 27, 1991
ABSTRACT An enzyme preparation from Salmonella ty-
phimurium catalyzes the conversion of 5-methylaminomethyl-
2-thiouridine in tRNAs to 5-methylaminomethyl-2-selenouri-
dine when supplemented with selenide and ATP. Similar
preparations from a Salmonella mutant strain carrying a
defective selD gene fail to catalyze this selenium substitution
reaction. However, supplementation of the deficient enzyme
preparation with the purified seD gene product (SELD pro-
tein) restored synthesis of seleno-tRNAs. In the absence of the
complementary enzyme(s), the SELD protein catalyzes the
synthesis of a labile selenium donor compound from selenide
and ATP. 31P NMR studies show that among the products of
this reaction are AMP and a compound containing selenium
bonded to phosphorus. The reaction is completely dependent
on the addition of both selenide and magnesium. The depen-
dence of reaction velocity on ATP concentration shows sigmoi-
dal kinetics, whereas dependence on selenide concentration
obeys Michaelis-Menten kinetics indicating a Km value of 46jsM for selenide.
The specific insertion of selenium into selenium-dependent
enzymes and seleno-tRNAs in prokaryotes requires the gen-
eration of a highly reactive reduced selenium donor com-
pound. Elucidation of the role and some of the properties of
this selenium donor was made possible by the availability of
mutants originally detected as strains unable to synthesize
active formate dehydrogenase and later found also to lack
seleno-tRNAs. A selAl mutant of Salmonella typhimurium
(1) and afdhB mutant of Escherichia coli (2, 3), both lacking
the two types of selenium-containing macromolecules, were
shown to be deficient in the same gene product, now termed
the selD gene product (SELD protein) (3-5). The 37-kDa
SELD protein has been shown to catalyze the ATP-
dependent formation of a diffusible selenium derivative from
selenide that adds to the double bond ofaminoacryl-tRNAUCA
(where Sec is selenocysteine) generated by selenocysteine
synthase to form selenocysteyl-tRNAUCA (68). In studies on
seleno-tRNA biosynthesis, which involve the formation of a
5-methylaminomethyl-2-selenouridine residue in the antic-
odon from the corresponding 2-thiouridine residue (9, 10), it
was found that a partially purified enzyme system capable of
carrying out the overall reaction could be prepared from
wild-type S. typhimurium extracts but not from those of the
selAl mutant (11). In the present communication, we show
that the mutant enzyme preparation, when supplemented with
the purified SELD protein, selenide, and ATP, can synthesize
2-selenouridine in tRNAs from added thio-tRNAs. 31P NMR
spectroscopic studies show that the labile SELD reaction
product is a compound in which selenium is bonded to
phosphorus.
MATERIALS AND METHODS
SELD Enzyme Purification. E. coli MC4100 (12) containing
two plasmids, pGP1-2 [carrying the kanamycin-resistance
gene and the heat-inducible T7 polymerase gene (13)] and
pMN340 [carrying the ampicillin-resistance gene and selD
behind the T7 promotor (6)], were generously supplied by B.
Veprek and A. Bock (University of Munich, F.R.G.). This
strain was cultured in a 10-liter fermentor under overproduc-
tion conditions for SELD protein, extracts were prepared,
and the SELD protein was purified by ammonium sulfate
precipitation, protamine sulfate treatment to remove nucleic
acids, and ion-exchange chromatography on DEAE-cellulose
according to the procedure developed in the laboratory of A.
Bock (personal communication). Higher molecular weight
protein contaminants in the resulting preparation, detected as
faint bands at 45-66 kDa on gels after SDS/PAGE (Phast
system), were removed by passage over an ATP-agarose
affinity matrix and elution ofthe absorbed SELD protein with
ATP (data not shown).
Sodium Hydrogen Selenide Preparation. NaSeH was pre-
pared by sodium borohydride reduction of elemental sele-
nium according to Klayman and Griffin (14). At the comple-
tion of the reaction, the mixture was chilled in ice and
acidified with 6M HCl under a-stream ofargon. The hydrogen
selenide evolved was trapped in 1 M NaOH on ice. Under
argon, the solution was diluted 1:10 and distributed into small
vials, capped with rubber septa, and stored at 40C. The
solution retained a clear pale yellow color for up to 2 weeks
during storage.
SELD Enzyme Activity Assay. The reaction mixture (100 Al)
contained 100mM Tricine-KOH (pH 7.2), 2-10mM dithiothrei-
tol, 0.125-3 mM [14C]ATP (0.25-2.5 MCi; 1 Ci = 37 GBq),
0.25-6 mM MgCI2, 2.5-5.1 ,gM SELD protein, and 0.01-5 mM
NaSeH. For saturating levels of selenide, the NaSeH was
prepared as described above. To determine the dependence of
reaction velocity on selenide concentration, Na2SeO3 (1 mM)
was reduced under argon with 50 mM dithiothreitol at pH 8.5
before addition to the reaction mixture. Incubations were
carried out at 370C under argon. For kinetic experiments,
reaction times chosen resulted in conversion of not more than
1.5% of the ATP to AMP. Reactions were terminated by
addition of HC104 and the nucleotides were extracted as de-
scribed (15). The samples (5-15 Il) were chromatographed on
§Present address: Bristol-Myers Squibb Co., Industrial Division,
P.O. Box 4755, Syracuse, NY 13221-4755.$To whom reprint requests should be addressed at: Laboratory of
Biochemistry, National Heart, Lung, and Blood Institute, National
Institutes of Health, Building 3, Room 108, Bethesda, MD 20892.
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PEI-F-cellulose thin-layer sheets developed in 1 or 1.6 M LiCl.
The AMP spots, detected by UV quenching, were cut out and
scraped into vials, and the radioactivity was measured by liquid
scintillation spectroscopy.
Incorporation of 75Se into tRNA. French-pressure-cell ex-
tracts from wild-type and selAl mutant Salmonella strains
were prepared as described (11). Total proteins in these
extracts after precipitation by addition of ammonium sulfate
to 80% of saturation and collection by centrifugation were
desalted on PD-10 columns and used as enzyme source. The
reaction mixtures (0.5 ml) for studying 75Se incorporation into
tRNA contained 350 A.l of crude enzyme preparation, 5 mM
ATP, 10mM MgCl2, 10 A260 units ofbulk tRNA (isolated from
S. typhimurium), 50 ,M Na75SeH (25 utCi), and 3.4 ,M
SELD enzyme. Incubation was carried out at 370C under
argon for 25 min. The reaction was stopped by adding 0.5 ml
of 88% (vol/vol) phenol. Bulk tRNA was isolated by phenol
extraction and DEAE-cellulose chromatography as de-
scribed by Wittwer and Stadtman (10) except that phenol
extraction and ethanol precipitation were repeated twice.
HPLC Nucleoside Analysis. tRNA (9-11 A260 units) was
hydrolyzed as described (11). The digestion mixture was
injected onto a reversed-phase (C18) column (Vydac) equili-
brated with 10 mM ammonium acetate [pH 5.3, 97.5%
(vol/vol)] and methanol [2.5% (vol/vol)]. The column was
eluted isocratically with buffer for 10 min followed by a linear
gradient of 2.5-70% methanol for 10-20 min at room tem-
perature with a flow rate of 1 ml/min. The column was
washed with 10OTo methanol for 30 min before returning to
the initial conditions. Radioactivity in the HPLC fractions
(0.5 ml) was measured with a Beckman model 5500 'y counter.
31p NMR Spectroscopy. 31P NMR experiments were per-
formed using a 4.7-T 26-cm horizontal bore magnet (Oxford)
equipped with an Omega spectrometer (General Electric). To
optimize the signal-to-noise ratio, a 15-turn (3-cm length)
solenoid coil was constructed around a 10-mm NMR tube.
Data were collected at room temperature using 90° nutation
angle pulses with a recycle time of 1.4 sec. From 20,000 to
80,000 free induction decays were averaged to obtain ade-
quate signal-to-noise ratio. Data were processed with base-
line correction and a 5-Hz exponential filter and Fourier-
transformed. Peaks were plotted relative to 85% phosphoric
acid, which places the AMP resonance at +3.7 ppm (16).
Materials. [75Se]Selenite (1000 Ci/mmol) was obtained
from the Research Reactor Facility, University of Missouri.
77Se (95%) was purchased from Oak Ridge National Labo-
ratories, Oak Ridge, TN and converted to [77Se]selenite by
reaction with nitric acid. [8-14C]ATP (44.9 mCi/mmol) was
from New England Nuclear. Cellulose PEI-F plastic-backed
TLC sheets were purchased from J. T. Baker and ATP-
agarose ALD was from GIBCO/BRL.
RESULTS AND DISCUSSION
The purified SELD protein has been reported (7, 8) to
synthesize a low molecular weight diffusable selenium com-
pound from selenide in the presence ofATP and magnesium,
and this compound served as selenium donor for the synthe-
sis of selenocysteyl-RNAsA (where Sec is selenocysteine).
In the present study the reaction catalyzed by the purified
SELD enzyme was monitored by measuring the selenide-
dependent formation of [14C]AMP from [14C]ATP. The -2
oxidation state of selenium is required for the reaction; no
decomposition ofATP is observed in the presence of selenite
(Table 1). The low activity observed with sulfide, the sulfur
analog of selenide, and selenocysteine may be attributable to
contaminating selenium in these compounds, which would be
reduced to selenide in the reaction mixture. Mg2" is required
for the reaction and the effects of various Mg2' concentra-
tions on AMP formation are shown in Table 2. A molar ratio
Table 1. Effect of various compounds on AMP formation from
ATP catalyzed by SELD enzyme
ATP converted
Exp. Reaction mixture to AMP, %
1 Control 9.8
-MgC12 0.0
-NaSeH 0.0
-NaSeH + Na2SeO3 (10 mM) 0.0
-NaSeH + Na2SeO3 (2.1 mM)
+ DTT (8.4 mM) 10.2
-NaSeH + NaSH (6.3 mM) 0.8
-NaSeH + L-selenocysteine (1 mM) 0.7
+ Pi (20 mM) 11.5
+ (NH4)2SO4 (20 mM) 10.7
2 Control 3.8
+ AMP (0.2 mM) 2.2
+ AMP (0.5 mM) 1.6
+ ADP (0.2mM) 4.1
+ ADP (0.5 mM) 3.5
In experiment 1, control reaction mixture (0.1 ml) contained 2 mM
ATP, 5 mM NaSeH, and 5.1 /.M SELD protein. Incubation was
carried out at 370C for 60 min. DTT, dithiothreitol. In experiment 2,
the control reaction mixture contained 1 mM ATP, 5 mM NaSeH,
and 2.5 AM SELD protein. Incubation was carried out at 370C for 25
min. No AMP formation was detected in the absence of enzyme.
of Mg2+ to ATP between 1:1 and 2:1 is in the optimal range.
For all subsequent experiments performed in the present
study a 2-fold molar excess of Mg2+ over ATP was used to
ensure that magnesium was not a rate-limiting factor. Addi-
tion of AMP, the product of the reaction, is inhibitory
whereas ADP has no significant effect on the reaction (Table
1). Neither added sulfate nor orthophosphate appeared to
influence the reaction.
Reaction velocities were determined under conditions where
the two substrates, MgATP and NaSeH, were varied. The
dependence of reaction velocity on ATP concentration at a
saturating concentration of selenide is shown in Fig. 1. The
sigmoidal kinetics observed gave a straight line when the linear
expression of the Hill equation was used (results not shown).
When the ATP concentration was saturating and the selenide
concentration was varied, a hyperbolic curve was obtained.
From these data a Km value of 46 ,uM for selenide was
calculated (Fig. 2). This value seems high considering that in
vivo the selenium levels present in culture media that are
optimum for selenium incorporation into bacterial tRNAs and
proteins are in the 0.1-1 ,uM range. This raises the question as
to whether selenide is the natural substrate for the SELD
enzyme.
To reveal product(s) other than AMP generated by the SELD
enzyme, reaction mixtures were analyzed by 31P NMR spec-
troscopy. A typical spectrum (Fig. 3) shows the resonances of
the phosphorus nuclei ofATP, oftheAMPproduct, ofinorganic
phosphate (part of this originating from orthophosphate in the
enzyme preparation), and of a different phosphate-containing
product (compound X) at 23.2 ppm. In agreement with results
obtained by TLC analysis of reaction mixtures, the AMP
Table 2. AMP formation from ATP as a function of
MgCl2 concentration
MgCl2, mM ATP converted to AMP, %
0.5 0.0
1.0 1.4
2.0 10.3
4.0 10.2
20.0 4.8
Reaction mixtures (0.1 ml) containing 2 mM ATP, 5 mM NaSeH,
and 5.1 uM SELD protein were incubated at 37C for 60 min.
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FIG. 1. Plot of initial velocity (v) versus ATP concentration.
resonance was not detected in reaction mixtures lacking either
selenide or magnesium. Furthermore, compound X formation
was completely dependent on the addition of both selenide and
magnesium. When the reaction mixture containing compound
X was exposed to air and the resulting sample was again
subjected toNMR analysis, the resonance at 23.2 ppm could no
longer be detected (data not shown). This suggests that com-
pound X is oxygen-labile and, perhaps, explains the failure to
1/ [NaSeH] (1 /mM)
FIG. 2. Lineweaver-Burk plot of various selenide concentrations
at a saturating ATP concentration.
detect the product when either 75Se or [32P]ATP-containing
reaction mixtures were analyzed by various types ofchromato-
graphic procedures.
To determine whether compound X actually contains se-
lenium, as suspected from its 31p chemical shift in NMR,
,8-ATP
a-ATP
y-ATP
Pi
x
10 0
ppm
30 20
I
-10 -20 -30
FIG. 3. 31P NMR spectrum of reaction mixture containing NaSeH. To detect the product(s) of the reaction catalyzed by the SELD enzyme,
incubations were carried out in NMR sample tubes under argon at 370C for 2 h. The reaction mixture (3 ml) contained 100 mM Tricine (pH 7.2),
2 mM dithiothreitol, 5 mM ATP, 10 mM MgCl2, 17 ,uM SELD enzyme, and 0.5 mM NaSeH (generated by reducing Na2SeO3 with dithiothreitol
before addition to the reaction mixture). Spectra were obtained at 4.7 T with a sweep width of 10,000 Hz and a sampling block size of 4096 data
points. The unknown compound produces a single resonance at +23.2 ppm relative to 85% phosphoric acid. X, unknown selenium phosphorus
compound.
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FIG. 4. 31P NMR spectrum of reaction mixture in which NaSeH was replaced by Na77SeH. Experimental conditions and Na77SeH generation
from Na277SeO3 were as described in Fig. 3. Acquisition parameters are the same as for Fig. 3. The unknown peak (X) is split due to J-coupling
with the 77Se with a coupling constant of 561 Hz.
3,000 5 2NaSeH of normal isotope abundance was replaced with
-A X XmnmNaSUSeH(95% 'Se) in the reaction mixture. As shown in Fig.
2,500 A 4, the 77Se nucleus resulted in splitting of the 31P NMR
resonance of compound X. Whereas the resonance observed
2,000 - before was at 23.2 ppm, the presence of 77Se resulted in two
1,500 | \ 1' '. \ resonances at about 19.6 and 26.6 ppm. The magnitude of the1,500 - \1.spin coupling definitely indicates that selenium is directly
1,000 bound to phosphorus. On the basis of currently availableinformation, it is likely that compound X is a selenophos-
500 - phate. Halkides and Frey (17) showed that there is a very
* l large enhancement in rate of hydrolysis when the bridging
00 oxygen of pyrophosphate is replaced with sulfur, which is
_
_______________________________ attributed to the weakness ofthe P-S bond relative to the P-O
CD
-B bond. The marked lability of compound X is, therefore,
2,500 - entirely consistent with the even lower relative stability of the
P-Se bond.
2,000 - Crude enzyme preparations from wild-type S. typhimu-
rium catalyze the biosynthesis of 5-methylaminomethyl-2-
1,500 selenouridine in tRNA in the presence of ATP and selenide
(ref. 11; Fig. SB). Similar preparations from a Salmonella
1,000 _ mutant strain (selAl) carrying a defective selD gene fail to
catalyze selenium incorporation (Fig. 5B). Supplementation
500 - of this type of deficient enzyme preparation with purified,.
.---..--* - - SELD protein restored the ability to synthesize seleno-
10 15 tRNAs. That the expected selenonucleoside was formed,
Fraction number
samples before digestion to nucleosides were as follows: in the
FIG. 5. Reversed-phase HPLC analysis of bulk tRNA labeled in absence of added SELD enzyme, the values were 1953 cpm per A2,60
vitro with Na'5SeH by using crude enzyme preparations from unit of tRNA for the wild-type enzyme and 191 cpm per A260 unit of
wild-type or selAI mutant cells of S. typhimurium in the absence (B) tRNA for the selAI mutant enzyme; in the presence of added SELD
or presence (A) of added SELD enzyme. tRNA was digested to enzyme, those values were 1469 and 2679 cpm perAA2 0unit of tRNA,
nucleosides and analyzed by HPLC. Between 94 and 96% of the respectively. Dashed lines, digest oftRNAs from selAl mutant; Solid
radioactivity applied to the column was recovered in the two lines, digest of tRNAs from wild-type Salmonella. Arrow indicates
fractions observed. The 75Se contents of the deacylated tRNA 5-methylaminomethyl-2-selenouridine (mnm5Se2U).
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both by the enzyme preparation from wild-type cells and
from the mutant extract supplemented with SELD protein,
was shown by reversed-phase HPLC analysis of digests of
the isolated 75Se-labeled tRNAs (Fig. SA). The labeled nu-
cleoside present in the fractions of the second peak of both
profiles coeluted with authentic 5-methylaminomethyl-2-
selenouridine and accounted for about 50% ofthe 75Se in each
sample. Although the nucleoside present in fractions 8-10 is
unidentified, a 2-selenouridine derivative undermodified in
position 5 is expected to elute in this position (10). The SELD
protein alone does not catalyze selenium incorporation into
tRNA (data not shown). From these results it is evident that
compound X generated by the SELD enzyme in the presence
of ATP and selenide can serve as selenium donor for the
reaction in which 5-methylaminomethyl-2-thiouridine is con-
verted to 5-methylaminomethyl-2-selenouridine. The com-
plementary enzyme(s) present in extracts of both wild-type
and mutant cells presumably are required for initial activation
of the sulfur in the 2-thionucleoside to allow for its replace-
ment with selenium.
The high selectivity of the SELD enzyme for selenide as
substrate indicates that this enzyme can serve as one of the
factors that allows selenium to be used in biological systems
as a specific donor in the presence of orders of magnitude
higher concentrations of corresponding sulfur compounds.
Detailed studies on the reactivity of the SELD enzyme with
selenide versus sulfide should furnish information on the
chemical and structural bases of this selectivity.
We are grateful to Mr. Joe N. Davis for assistance with HPLC
analysis.
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ABsrRAcr: A labile, selenium donor compound required for synthesis of selenium-dependent enzymes and
seleno+RNAs is formed irom ATP and selinide by tle SELD enzyme . This compornd, tentatively identifild
"' " '"r.nopno'pt'"t" 
iÚi'o , Z.,Tsai, L., Scholi, T. D., Politino, M., Balaban, R' s', & Stadtman, T' c'(íígil irőr. ttatt. ,ecad. Sct.'U.s.A. gg, zgls_zg79], is in!i1li1suphable from chemically'prepared
monoselenopuospt'ati uy itP NMR spectroscopyand ion páiring HPLC. Furthermore, addition of chemically
pi"p"'"a 
'nönorit"oopnosphate 
caused a doséd-ependent decrease in the amount of 75Se incorporated into
iRliiÁ. fiom 7sSePíien|'atea in situ by SELD enzyme' A procedure is described for the chemical
syntr'"si, or monoselirio|hosphate in whicir the readily-prep_areí(MeohPSe is converted in quantitative
í,iJrá_i"_(fr"rSólrps" rojróln'"a by complete cleavage órile tatter to monoselenophosphate in oxygen-free
áq'""". u"rr"'. 
'it'" 
chemical pioperties of chemiially synthesized monoselenophosphate are described.
The specific insertion of selenium into certain Se-dependent
enzymes and Se-tRNAs in prokaryotes requires the formation
of a highly reactive, reduced selenium donor compound. This
selenium compound is required for addition to the double
bond of ?,3-aminoacrylyl-tRNAuce to form selenocystyl-
tRNAuce (Leinfelder et al., 1990; Forchhammer & B ck,
1991) and for the replacement of the sulfur atom of the
5-methylaminomethyl-2-thiouridine moiety of tRNAs with
selenium to form 5-methylaminomethyl-2-selenouridine
(Wittwer & Stadtman, 1986; Veres et al., 1990, 1992). An
enzyme that is the product of the selD gene catalyzes the
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grand-in-aid from the American Heart Association.
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formation of this reactive selenium donor compound frorn
selenide and ATP (Ehrenreich et al., 1992; Kim et al., 1992;
Veres et al., 1992). On the basis of 3lP NMRI spectroscopic
studies, it was shown that the labile selenium donor is a
compound containing a P-Se bond, and it was suggested that
this SePX compound is a selenophosphate (Veres et al., I 992).
An enzyme preparation derived from a mutant strain (selAl)
of Salmonella typhimurium (Kramer & Ames, 1988) having
a defective selD gene (Stadtman et al., 1989) served as an
assay system for determination of the biological effectiveness
of SePX as donor for seleno-tRNA synthesis (Veres et al-,
l9g2). In the present PePer, we show that this cornpound is
identical with chemically prepared Ínonoselenophosphate,
I Abbreviations: DCM, dichloromethane; DIPEA, diisopropylethyl-
amine; DIPEAH, diisopropylethylammonium; DTT, dithiotbreitol; IPA,
isopropyl alcohol; IR, infrared; MTFMS, methyl trifluoromethane-
sutionáie; NMR, nuclear magnetic resonance; TBAH, tetrabutylam-
moniurn hydroxide; TEA, triethylamine; THF, tetrahydrofuran; TMS,
trimethylsilyl; TPP, triphenylphosphate.
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SePOrl-. Since monoselenophosphate has not been previously
prepared and characterized, these details also are reported.
MATERIAI,S AND METHODS
Materials
[7sSe]Selenite (1000 Ci/mmol) was obtained from the
Research Reactor Facility, University of Missouri. DIPEA,
MTFMS, TMSI, and Se were obtained from Aldrich Chemical
Co. and used as received. TEA was purchased from Aldrich
Chemical Co. and distilled from anhydrous KOH prior to
use. *OmniSolv' IPA was obtained from EM Science and
used without further purification. Reagent grade DCM from
EM Science was distilled from P+O1s prior to use. Reagent
grade THF from Fisher Scientific was distilled from sodium
and benzophenone before using. Tetrabutylammonium hy-
droxide (OVo) was from Janssen Chimica. DTT was from
Gibco BRL.
Methods
Spectroscopy and Elemental Analysis. lH NMR spectra
were measured at 250 MHz using a Bruker WM-250
spectrometer on samples dissolved in deuterochloroform
cbntaining tetramethylsilane as the internal standard- 13C
NMR spectra were measured at 62.89 MHz using a Bruker
WM-250 spectrometer on samples dissolved in deuterochlo-
roform. 31P NMR spectra were measured at 161.98 MHz
using a Bruker AMX-400 spectrometer on samples dissolved
in deuterochloroform containing TPP as the internal standard
and referenced to 8 5Vo HsPOq. Other samples dissolved in
aqueous buffers were studied at 1 2I.5 MHz using a Bruker
eM-lOO NMR spectrometer equipped with a 5-mm broad-
band probe. All data were acquired using a 6-ps pulse width
(45" flip angle), 1.5-s recycle time, sweep width of 10 000 Hz,
and a block size of 8192 points. Varying numbers of free
induction decays (FIDs) were aveÍaged depending on the
concentration of the cornpound under interrogation (see Figure
legends). An exponential filter of 5-10 Hz was applied to all
FIDs before Fourier transformation. Peaks were plotted
relative to 8 5Vo phosphoric acid. IR spectra were obtained on
a Perkin-Elmer Model 983 spectrometer. Elemental analyses
were done at Desert Analytics, Tucson' AZ or Huffmann
Laboratories, Golden, CO.
Synthesis of (TMSO)sPSe. A 1.4-g (6.9-mmol) sample of
(MeO)lPSe prepared as previously reported (Bhardwaj &
Davidson, 1987), and 5 e Ql mmol) of TMSI were heated
at 95 oC for 20 h. The solution was then fractionally distilled
to afford2.59 g (97Vo yietd) of (TMSO)3PSe, bp 80 "C (0.6
mm), whose spectra and properties were identical with those
reported previously (Borecka et a1-, 1979)-
Synthesis of ( DIPE AH )* ÍFMS o) zP(se) (o)]-. A degassed
solution of 390 mg (3.0 rnmol) of DIPEA and 180 mg (3.0
mmol) of IPA dissolved in 2 mL of anhydrous DCM was
cannulated into a degassed solution of 188 rng (0.50 mmol)
of (TMSO)3PSe dissolved in 2 mL of anhydrous DCM under
an argon atmosphere and cooled in a dry ice-acetone bath.
After being stirred for 5 min, the reaction mixture was warrned
to room temperature. After 15 min at room ternperature, the
rnixture was concentrated under vacuum to -0-5 mL and
cooled to 0 oC, and hexane was added dropwise until 150 mg
(7 }Voyield) o f ( D IPEAH) + [ (T M SO) 2P (SeX O) ] - precipitated
as a colorless solid: IR 3000, 2950 ,2664, 1426,1393, 1 159,
938 (PO) ,778, 579 cm-r; rH NMR (250 MHz, CDC13)
0.18 (s, 18 H),1.32 (m, 15 H), 2-99 (q, 2 H, f - 7-3 Hz),
3.55 (septet, }H,J = 6. Hz);r3C NMR (62.89 MHz, CDCI3)
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1.s (q), tr.1 (q), 18.0 (q), 41.6 (t), 52.8 (d); 3tP NMR
( 1 6l .98 MH z, CDCI:) I 82 (/ = 7 68 Hz). Anal. Calcd for
CrqHgsNPOlSeSi2: C, 38 .69;H, 8.81. Found: C, 39.17; H,
9.27 .
Methylation of (DIPEAH)*ÍTMS o) 2P(se) (o)]-. A sam-
ple of (DIPEAH)*[(TMSO)2P(SeXO)]- was prepared as
above from 7 54 mg (2.0 mmol) of (TMSO)3PSe, 1.56 g (12
mmol) of DIPEA, and 720 mg (12 rnmol) of IPA in 5 mL of
DCM. To this solution cooled in a dry ice-acetone bath was
added 0.5 mL (5.6 mmol) of MTFMS. The reaction mixture
was warmed to room temperature, stirred for 15 min at this
temperature, and then concentrated under vacuum. The
residue was dissolved in 20 mL of anhydrous THF, and 2 mL
(15 mmol) of TMSCI was added dropwise followed by the
addition of a solution of 2.2 mL (15 mmol) of TEA in 5 mL
of anhydrous THF. The reaction mixture was stirred at room
temperature for 20 h and then concentrated under vacuum.
The residue was fractionally distilled to give 380 mg (48Vo
yield) of MeSeP(O)(OTMS)2, bp 67 "C (2 mm), identical
with the reported data (Borecka et al., 1979).
Hydrolysis of ( DIPE AH)*ÍFMS o) 2P(Se)(o)l-. A solution
of 37 7 mg ( I .0 mrnol) of (TMSO) rPSe in I 0 mL of anhydrous
DCM was treated with a solution of 750 mg (6.0 mmol) of
DIPEA and 360 mg (6.0 mmol) of IPA in2 rnl-, of DCM as
described above. The reaction mixture was concentrated under
reduced pressure. The remainder of the procedure was done
in a dry box under an atmosphere of Oz-free nitrogen. The
residue was treated with a solution of 750 mg (3.0 mmol) of
BaClz in freshly prepared 0.1 M LiOH solution.
The mixture was filtered, washed with 5 mL of degassed
water, and dried at room temperature under vacuum, in the
dark, for 24 h to give 310 mg (50Vo yield) of Bar(SePOr)z:
IR 3320 (HzO), t+38 (BaCOr), 1031 (PO), 936,590 cm-r.
Anal. Calcd for BalOoPzSe2.0.70 BaCOI'|lH2O:3 Ba, 47 -7;
P, 5.8; Se, 14.8. Found: Ba, 47.7;P,5-.9; Se, 14.8.
Hydrolysis of EMSO)sPSe. (TMSO)rPSe dissolved in
chloroforrn to a final concentration of 60 mM was mixed with
an equal volume of 0.1 M Tricine'KOH buffer, pH 7 -2,
containing 20 mM DTT and 60 mM MgCl2. The separation
of phases was enforced by centrifugation. The pH of the
*ui.t phase was adjusted by adding 6 M KOH or HCI before
analyzing it by ttP NMR spectroscopy. All experiments were
carried out using argon to protect the selenium compounds
against oxidation.
Selenophosphate synthetase (SELD protein) purification
was carríed out as described earlier (Veres et al., 1992) -
Selenophosphate Synthetase Reaction and Sephadex G- I0
Chromoiogrophy oÍ the Products. The reaction mixture (1
mL) contained 100 mM Tricine-KOH, pH 7.2,2 mM DTT,
3 mM MgCl2, 1.5 mM ATP, 1.5 mM NaTsSeH (2 p'Ci), and
40 p.M enzyrne. NazTsSeOl was reduced with DTT at pH 9
under argon before addition to the reaction mixture. After
aZ-hincubation at 37 "C under argon,40 p.L of 0.5 M DTT
was added and the whole reaction mixture was applied to a
Sephadex G-10 column (1 x I2A cm). The column was
2 The reference used was TPP, which absorbs at 1 .1 ppm upFreld of
85?o phosphoric acid. The chemical shift reported is relative to 85Vo
phosphoric acid as 0 ppm.' 3 Satisfactory elem-ental analysis was difficult to obtain owing to the
extreme sensitivity of the material to air oxidation. Under rigorously
anaerobic conditions without extensive drying material giving the analysis
shown was obtained. The presence of water and BaCO3 are confirmed
by tbeir absorptions in the lR spectrum (Miller & Wilkins, I 952) of this
sámple. The presence of BaCÓr in otherwise analytically pure samples
of gazoaPzS ánd LizCo3 in LilolPzS has been reported before (Loewus
& Eckstein, 1983).
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equilibrated and eluted with 100 mM Tricine.KOH, p}J7.2,
containing 20 mM DTT and I mM MgEDTA- Two
radioactive peaks were eluted from the column. The first one
is the 7sSe-labeled enzyme product and the second one is
unreacted Na75SeH. No radioactivity was present in the
excluded protein peak. For some experiments the 7sSe-labeled
seleno-compound eluted in the first radioactive peak was
further chromatographed on a reversed-phase HPLC column
in the presence of TBAH.
Ion-Pairing HPLC of theTsse-Labeled Enzyme Product.
An aliquot of the combined fractions from the first radioactive
peak from the Sephadex G- l0 column was chrornatographed
on an octadecyl HPLC column using a rnodification of the
method described by Lazzarino et al. ( 1991). For this
procedure an Apex octadecyl 15 cm X 4.6ITID, 5-pm particle
size column (Jones Chromatography) and tetrabutylammo-
nium as the pairing ion were used. The starting buffer (buffer
A) consisted of I 0 mM TBAH, l0 mM KH2PO a, IVomethanol,
and 2 rnM DTT, pH 7.0. The second buffer (buffer B)
contained 2.8 mM TBAH, 100 mM KHzPO q,30Vo methanol,
and 2 rnM DTT, pH 5.5. The column was isocratically eluted
with buffer A for 3 min followed by a linear gradientof U40Vo
buffer B between 3 and 5 min and then 4044Vo buffer B
between 5 and 16 min. At 18 min buffer B reached I00Vo,
and the column was eluted for 15 min with buffer B before
returning to the initial conditions. The chromatography was
performed at room temperature with a flow rate of 0.8 mLl
min. Radioactivity in the fractions (0.4 mL) was measured
with a Beckman model 5500 7 counter. The fractions
containing the radioactive compound were analyzed by ltp
NMR spectroscopy. In another experiment, an aliquot of the
combined fractions from the first radioactive peak from the
Sephadex G- 10 column was mixed with synthetic monose-
lenophosphate before application to the HPLC column. The
recovery of radioactivity from the column was 95Vo in each
experiment.
The Effect of SynÍhetic Selenophosphate on the Incor-
poration of TsSe into tRNAs. French-pressure-cell extracts
from the selAl mutant Salmonella strain were prepared as
described (Veres et al., 1990). Arnmonium sulfate was added
to 80Vo saturation, and the protein precipitate was collected
by centrifugation and desalted on PD- 10 columns for use as
the enzyme source. The reaction mixture (0.5 mL) for
studying TsSe incorporation into IRNA contained 100 mM
Tricine.KOH buffer, pH 7 .2, 100 pL of crude selAl enzyme
preparation, 5 mM ATP, 10 mM MgCl2, 10-20 Azeo units of
Escherichia coli bulk tRNA, 3.8 r^tM selenophosphate syn-
thetase, 50 pM NaTsSeH (23 pCi), and 0-880 pM synthetic
selenophosphate as indicated. Incubations were carried out
at 37 oC under argon for 25 min. The reaction was stopped
by adding 0.5 mL of 88Vo (vol/vol) phenol. Bulk tRNA was
isolated by phenol extraction and DEAE-cellulose chroma-
tography as described (Wittwer et al., 1984) except that phenol
extraction and ethanol precipitation were repeated twice.
RESULTS AND DISCUSSION
(TMSO}PSe has been synthesized previously (Borecka et
&1., 1979) by the reaction of (TMSO)3P with selenium.
Howev eÍ ' a more convenient synthesis of this material 
was
sought by the reaction of TMSI with the known and readily
available (MeO)rPSe (Bhardwaj & Davidson, 1987). Such
cleavage of the MeO group with concornitant formation of
the TMSO moiety is expected because TMSI dealkylates
phosphonate diesters (Blackburn & Ingleson, 1978; Morita
et al., 1978), produces (TMSO)3PSe among other products
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Flcune l: Plot of 3rP chemical shift obtained by adding (TMSO)3-
PSe to 0.1 M Tricine.KOH buffer, pH 7 .2, containing 20 mM DTT
and 60 mM MgClz and adjusting the pH with M KOH or HCI
versus pH. (a and arrows) Enzymic products. The 3rP chemical shift
measuied at each pH value is plotted, and the points are connected
by a hand-drawn curve.
from (EtO)rPSe (Borecka et &1., 1979), and dealkylates
tetramethyl symmetrical rnonothiopyrophosphate without
cleavage or isomerization of the labile P-S-P bond (Loewus
& Eckstein, 1983). Indeed, conditions were found under which
(TMSO)rPSe is formed in quantitative yield frorn (MeO)rPSe
and TMSI.
Cleavage of TMSO groups is facile and selective. However,
in forrning monoselenophosphates on such cleavage of
(TMSO)rPSe, degassed solvents and oxy gen-free atmospheres
must be used owing to the great sensitivity of these materials
to air oxidation. Treatrnent of (TMSO)IPSe with DIPEA
and IPA (Loewus & Eckstein, 1983) resulted in selective
cleavage of one of the TMS groups to produce (DIPEAH;+-
[(TMSO)2P(SeXO)]-. Alkylation of this ambident monoan-
ion with MTFMS occurred exclusively on Se rather than O
to produce the known MeSeP(O)(OTMS)z (Borecka et al.,
t979). Monitoring the reaction of (TMSO)3PSe with excess
DIPEA and IPA by 3rP NMR spectroscopy showed that
cleavage of one TMS group occurs rapidly and selectively.
Further cleavage does not occur unde: these conditions. How-
ever, cornplete cleavage of the TMS groups occurs with IPA
and BFs-EtzO or in water. Treatment of the monocleaved
product (DIPEAH)*[(TMSO)2P(SeXO)]- with aqueous
barium hydroxide resulted in the precipitation of Bas(SePOl)z
in 5OVo yield. Addition of (TMSO)fSe to aqueous buffers
resulted in the cleavage of all of the TMS groups as judged
by tH NMR spectroscopy. The rtP signal for monoseleno-
phosphate thus prepared depended on the pH of the solution.
A plot of the 3rP chemical shift versus pH is shown in Figure
1. As shown by the triangles at the arrows on this figure, the
same chemical shifts as a function of pH were exhibited by
the enzyme product, SePX, at the three indicated pH values.
The reason for the dependence of 3rP chemical shift on pH
is that the species changes from tribasic acid to monoanion
to dianion to trianion as the pH is raised and the 3rP chemical
shift depends on the charge. This dependence was reported
for phosphoric acid (Jones & Katritzky,l960; Crutchfield et
al., 1962), condensed phosphates (Crutchfield et al., 1962),
adenine nucleotides (Cohn & Hughes, 1960; Jaffe & Cohn,
1978), and thiamine diphosphate (Chauvet-Monges et al.,
1978). The magnitude of the change in chernical shift between
monoanion and dianion is considerably greater for seleno-
phosphate than for orthophosphate. Sirnilar differences for
thiophosphate ions as compared to orthophosphate ions have
been reported (Jaffe & Cohn, 1978). The 3rP chemical shift
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Flounp 2: Sephadex G- l0 chromatography of the reaction mixture
containing ATP and selenide as described in Materials and Methods.
Fractions (2 mL) were collected.
dependence on pH gives titration curves which enable one to
deierrnine pK values (Phillips, 1966). Similarly, the depen-
dence of r7O chemical shifts in phosphates on pH has also
been used todetermine pKs (Gerlt et al., 1982). Consequently,
from Figure !, pKzand PKt for HlPOlSe may be estimated
as 4.6 and 8.8, respectively. The corresponding values for
HlPoe aÍe7.2 and l2.3, respectively (Jenclcs & Regenstein,
1966), and for HfO$ are 5.6 and 10.3, respectively (Dittmer
& Ramsay, 1963), 5.40 and 10.14, respectively (Peacock &
Nickless, i969), and 5.4 and 10.2, respectively (Gerlt et al.,
1982). It has been suggested (Frey & Sammons' 1985) that
the increased acidity of HfO$ compared with HIPO4 is due
to localization of negative charge on sulfur in thiophosphate
anions. Thus, owing tothe larger size and greater polarizability
of sulfur relative to oxygen, thiophosphate anions are more
stable than the corresponding phosphate anions. Such effects
account for the greater acidity of thiols compared with alcohols-
Selenium is larger and more polarizable than sulfur and can
thereby stabilize negative charge better than sulfur. As a
consequence of this effect, selenols are more acidic than thiols
(Fringuelli & Taticchi, 1986). Therefore, one expects Hr
io'sá to be more acidic than HlPolS as is observed.
Radioactive compound SePX was prepared from NaTsSeH
and ATP using purified selenophosphate synthetase (SELD
enzyme) as deicribed (Materials and Methods; Veres et al.,
tgiZ). The TsSe-labeled product was completely separated
from residual labeled selenide and protein by passage over a
long, small diameter Sephadex G-10 column under strictly
anairobic conditions (Figure 2). The first radioactive peak
of the profile contained the labeled SePX product together
with aMp and residual ATP. compound sePX prepared in
this way was compared by 3lP NMR spectroscopy with
authentic monoselenophosphate made by hydrolysis of
(TMSO)3PSe. The results are shown in Figure 3. The 3lP
chemical shifts for the two compounds are identical as are the
3lP-77Se coupling constants (551 Hz). This value fs1 lu[rp-225"
is in the repoited range (-200 to -1 100 Hz) for such one-bond
coupling constants (Verkade & Mosbo, 1987).
Further purification of SePX and separation from the
nucleotides following Sephadex G- 10 chromatography (Figure
2) were achieved by ion-pairing HPLC on an Apex C13 column
as described under Materials and Methods. With known
mixtures of adenylates, the elution times were AMP, 13 '4
min, ADP, 2L.6, min, and ATP, 22.9 min, under these
conditions. The order of elution and extent of separation of
these nucleotides are similar to those reported (La zzarini et
al., 1991). In a typical elution profile of the Sephadex G-10
sample, compound SoPX emerged at 10.7 min, AMP at 13' 1
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FrcunE 3: 3rP NMR spectra of selenophosphate compounds. (a)
Authentic monoselenophosphate (ca. 2 
-mM) 
prepared by adding
tÍMSo)gPSe to 0.1 }vt Tricine.KoH buffer, pH_ ?f9ntaining-2-0.vr DTÍ, and 60 mM MgClz; (b) compound SePX (l.l ryV)
|'ip"'.d as described undei Máterials and Methods and partially
iurin"a by Sephadex G- 10 chromatogr-aphy; (c) *l*ul: of authentic
ffino'"leíopÉosphate (ca.2 mM) and compound SePX (1.1 mM)'
3rP NMR siecti" ,".te collected at I2I.5 MHz. Each sPectrum is
"n "u.r"g. 
f IO24 FIDs and is referenced to an external standard
oi gs% pÍosphoric acid (0 ppm). The spectra of samples containing
SePX also show resonance for AMP, at about 4 ppm'
min, and ATP at 23 min. Chromatography of radioactive
SgPX with carrier authentic monoselenophosphate resulted
in the coelution of the two compounds as monitored by 3lP
NMR analysis and 7 counting of individual fractions for TsSe
detection. Recoveries of radioactivity in compound SePX
were 95Vo.
The ability of SePX to serve as selenium donor for synthesis
of 2-selenouridine in tRNAs was tested using as catalyst a
partially purified enzyrne from thesa/ monella (SeLA1) mutant
itt"t is unable to synthesize selenophosphate (Veres et al.,
1 990). SePX was generat ed in situ from NaTsSeH and ATP
by added purified selenophosphate synthetase. Addition of
,rnl"b.ted authentic monoselenophosphate decreased the
amount of TsSe incorporated into the added thiotRNA sub-
strate in a dose-dependent manner (Figure 4). This observed
decrease in TsSe incorporation into tRNAs is due aknost
entirely to dilution of TsSePX by the added unlabeled SePOr2-.
No product inhibition of selenophosphate synthetase activity
*aJ observed when reaction mixtures containing the same
concentrations of ATP, selenide, and enzyme were supple-
mented with 0.2 and 0.5 mM selenophosphate and on|y 7Vo
inhibition was observed with 1.0 mM added selenophosphate.
In contrast, as shown in Figure 4, 75Se incorporation into
tRNAs was decreased by about glVowhen 500 pM unlabeled
selenophosphate was added.
In a separate experiment, selenophospiate synthetase:
[7sSe]selenide, and ATP were omitted, and 
TsSe-labeled SePX
.o*pound freed of ATP by ion-pairing HPLC was used as
substrate. In this systeÍn, the mutant enzyme preparation
Ir
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Ftaunp 4: Dose-dependent decrease in incorporation of TsSe into
tRNAs in the presence of added nonlabeled monoselenophosphate.
Reaction mixtures containing an enzyme preparation fromSa lmorulla
mutant selAl, purified selenophosphate synthetase, NaTsSeH, ATP,
and tRNAs were supplemented with authentic monoselenophosphate
as described under Materials and Methods. The symbols a and I
indicate two different sets of experiments.
catalyzed the conversion of 5-methylaminomethyl-2-thio
uridine in the added thio-tRNA to radioactive 5-methylami-
nomethyl-2-selenouridine with TsSePX as the sole selenium
donor (data not shown). Since this reaction involving sub-
stitution of sulfur with selenium occurred in the absence of
added ATP, direct attack of selenophosphate on the 2-thio
moiety of the uridine residue in the 'wobble position' of the
tRNAs is indicated. The fact that addition of the 9,'y-
methylene diphosphonate analogue (10 mM) of ATP had no
effect on the conversion of the 2-thiouridine residues to
2-selenouridine residues with 75SePX as the sole selenium
donor is further evidence that an initial activation of the 2-thio
moiety by phosphorylation is not required.
On the basis of the above experimental evidence showing
the identity of compound SePX and chemically prepared
monoselenophosphate by 3tP NMR spectroscopy, ion pairing
HPLC, and enzymic analysis, it is concluded that compound
SePX is monoselenophosphate, a general selenium donor
compound syntbesized by selenophosphate synthetase.
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A purified selenophosphate-dependent enzyme from Salmonella
typhimurium catalyzes the replacement of sulfur in
2-thiouridine residues in tRNAs with selenium
(seleno-tRNA synthesis)
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ABSTRACT A tRNA-modifying enzyme tentatively
termed tRNA 2-selenouridine synthase was purified by a
five-step procedure that resulted in 50-60% pure prepara-
tions. This enzyme catalyzes the conversion of a 5-methylami-
nomethyl-2-thiouridine residue in the tRNA substrate to 5-me-
thylaminomethyl-2-selenouridine. The selenium donor sub-
strate for this reaction is shown to be selenophosphate which is
formed from ATP and selenide by selenophosphate synthetase.
Replacement of sulfur with selenium in tRNAs catalyzed by
tRNA 2-selenouridine synthase occurs in the absence of ATP.
The dependence of reaction velocity on selenophosphate con-
centration obeys Michaelis-Menten kinetics indicating an ap-
parent Km value of 17.1 jaM. Bulk thio-tRNA preparations
from Escherichia coli and SalmoneUa typhimurium are equally
effective as substrates for the selenium incorporation reaction.
An intact 3' end of the tRNA molecule does not seem to be
essential for selenium incorporation. Identity of the product of
the reaction was confirmed by HPLC analysis of digests of
[75Selseleno-tRNAs labeled by incubation with the purified
enzyme. A labeled compound in the nucleoside mixture was
coeluted with authentic 5-methylaminomethyl-2-selenouri-
dine.
Selenium in the form of 2-selenouridine residues is present in
the anticodons of several bacterial tRNAs. The most abun-
dant seleno-tRNAs are lysine, glutamate, and glutamine
isoacceptors (1, 2) and these contain 5-methylaminomethyl-
2-selenouridine (3-5) in the "wobble position" (6) of their
anticodons, although under some conditions modification of
these residues at position 5 may be incomplete (3, 5). Uridine
in the original tRNA transcript is modified initially with
sulfur, forming a 2-thiouridine residue, and subsequent re-
placement of the sulfur with selenium converts it to a
2-selenouridine (5). Extracts of wild-type Salmonella typhi-
murium have been shown to convert 2-thiouridines to 2-se-
lenouridines in the presence ofadded ATP and selenide (7, 8),
whereas extracts of an S. typhimurium mutant strain (selAl)
containing a defective selD gene (3, 9) require further sup-
plementation with the selD gene product, selenophosphate
synthetase (8, 10). After partial purification of the mutant
enzyme preparation, it was found that selenophosphate was
the only supplement required for the conversion of 2-thiou-
ridine in the added tRNA substrate to 2-selenouridine (10).
Thus the ATP, selenide, and selenophosphate synthetase
requirements observed in the initial studies were for gener-
ation of selenophosphate, the actual selenium donor. In the
present study a procedure that routinely resulted in 50-60%
pure preparations of the selenophosphate-dependent enzyme
from the Salmonella mutant is outlined. Some properties of
this enzyme, which we tentatively term tRNA 2-selenouri-
dine synthase, and the reaction that it catalyzes are de-
scribed.
MATERIALS AND METHODS
Baker's yeast tRNA and Escherichia coli bulk tRNA were
from Boehringer Mannheim. E. coli tRNAGIu was from
Sigma. Bulk tRNA from wild-type S. typhimurium cells
grown in the presence of 1 ,M selenite (+Se) and bulk tRNA
from wild-type S. typhimurium cells grown in the absence of
added selenite (-Se) were isolated as described (5, 7). Bulk
tRNA lacking 5-methylaminomethyl-2-thiouridine was iso-
lated from cells of an E. coli asuE mutant strain (11) unable
to synthesize 2-thiouridines. Periodate-oxidized tRNAs were
prepared from deacylated E. coli bulk tRNA (Boehringer
Mannheim) as described by Remy et al. (12). Adenosine
5'-[3,'y-methylene]triphosphate (ATP[3,v-CH2) was from
Sigma, MgTitriplex (MgEDTA) was from Merck, and Hyp-
atite C (hydroxyapatite) was from Clarkson Chromatography
Products (Williamsport, PA).
H275SeO3 (1000 Ci/mmol; 1 Ci = 37 GBq) was obtained
from the Research Reactor Facility, University of Missouri.
Na75SeH was prepared by reduction of [75Se]selenite with
dithiothreitol (10). [75Se]Selenophosphate was separated
from Na75SeH by Sephadex G-10 chromatography (10), and
further purification was achieved by ion-pairing HPLC which
removed contaminating AMP and ATP (10).
Enzyme Assay. Each incubation mixture (250 Ae) contained
50 mM Tricine-KOH (pH 7.2), 2 mM dithiothreitol, 0.5 mM
MgTitriplex, 10 mM MgCl2, 2.5-20 A260 units of bulk tRNA,
2-43 AtM [75Selselenophosphate (9.5-12.5 QCi) purified by
Sephadex G-10 chromatography unless otherwise stated, and
enzyme (various states of purity). Samples were incubated
under argon at 370C. In some experiments selenophosphate
was generated in situ from selenide and ATP (8). The
reactions were stopped by adding 0.5 ml of 88% (vol/vol)
phenol and tRNAs isolated as described (5, 7).
One unit of enzyme is defined as the amount that catalyzes
the incorporation of 1 pmol of Se into 1 A260 unit oftRNA per
minute in the presence of 20 pM selenophosphate and 33.2
pM (5 A260 units/250 Al) E. coli bulk tRNA as substrates.
HPLC Nudleoside Analysis. One to 3 A260 units oftRNA was
hydrolyzed (13) and the digestion mixture was injected onto
a Vydac C18 column (0.5 cm x 25 cm) equilibrated with 10
mM NH4H2PO4 containing 1.25% methanol, pH 5.3, at room
temperature. The column was eluted at a flow rate of 0.4
ml/min with starting buffer for 10 min, then with 8% meth-
Abbreviation: ATP[,By-CH2], adenosine 5'-[f3,t-methylene]triphos-
phate.
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Table 1. Enzyme purification
Volume, Total protein, Activity, Specific activity, Yield, Purification
Fractionation step ml mg units units/mg % factor
Crude extract 14.0 280.0 433.0 1.5 100.0 1.0
Ammonium sulfate fraction, 33-45% 3.2 84.0 320.0 3.8 74.0 2.5
Sepharose CL-6B 3.4 51.0 280.0 5.5 65.0 3.7
Ultrogel AcA 34 20.0 18.3 200.0 10.9 46.0 7.3
DEAE-Sepharose fast flow 11.0 0.2 11.3 55.5 2.6 37.0
Hypatite C 2.0 0.01 2.3 225.0 0.5 150.0
anol in buffer for 6 min, and finally with water/acetonitrile
(7:3, vol/vol) for 15 min. The eluate was monitored at 257 and
313 nm and radioactivity in fractions (0.25 ml) was measured
with a Beckman 5500 y counter.
Enzyme Preparation. S. typhimurium strain selAl (3), a
selD mutant, was cultured and extracts were prepared as
described (7) except that cells were disrupted by sonication.
Extracts of this mutant strain were used for purification ofthe
enzyme that synthesizes 2-selenouridine in tRNAs. The
purified enzyme proved to be unstable in dilute solutions
during short-term storage and therefore a small-scale isola-
tion scheme that allowed a rapid sequence of steps was
developed.
Step 1. A crude extract (14 ml) from 4.6 g of frozen cells
was adjusted to 33% of saturation with ammonium sulfate and
the small precipitate that formed was discarded. A protein
precipitate obtained by the further addition of ammonium
sulfate to 45% of saturation was dissolved in 50 mM
Tricine-KOH, pH 7.2/1 mM dithiothreitol/0.5 mM MgTitri-
plex (buffer A).
Step 2. The 33-45% ammonium sulfate fraction in 3.2 ml
was applied to a Sepharose CL-6B molecular sieve column
(2.5 cm x 48 cm bed) equilibrated with buffer A, and 4.5-ml
fractions were collected at a flow rate of 1.5 ml/min. The
enzyme was eluted in fractions calculated to contain proteins
in the Mr 200,000-250,000 range. Protein in these pooled
fractions (70 ml) was precipitated by addition of ammonium
sulfate to 80% of saturation and redissolved in 3.4 ml ofbuffer
A.
Step 3. The protein solution from step 2 was desalted and
further purified by chromatography on an Ultrogel AcA 34
column (2.5 cm x 92 cm bed) equilibrated with buffer A.
Fractions of 3.5 ml were collected at a rate of about 0.3
ml/min. The peak ofenzyme activity coincided with a protein
peak that emerged about one-third of the way into the elution
profile.
Step 4. The enzyme solution (20 ml) from Step 3 was
applied to a DEAE-Sepharose fast flow column (1.5 cm x 9
cm) equilibrated with buffer A. After the column was washed
with one column volume of buffer A, proteins were eluted
with a linear gradient of0-350 mM NaCl in buffer A (150 ml).
Table 2. 75Se incorporation into tRNA in the presence of
[75Se]selenide and ATP as a function of selenophosphate
synthetase concentration
Selenophosphate Se incorporation,
synthetase, MuM pmol/A260 unit
0.00 0.00
0.04 1.57
0.40 1.73
2.00 1.70
4.00 1.75
Each reaction mixture (250 ,ul) contained 100 mM Tricine-KOH
(pH 7.2), 2 mM dithiothreitol, 0.5 mM MgTitriplex, 10 mM MgCl2,
5 mM ATP, 10 A260 units of E. coli bulk tRNA, 50 MM Na75SeH (7.8
uCi), 50 ,l of enzyme (30-80%o ammonium sulfate fraction of crude
selAl mutant extract, 1 mg of protein), and the indicated amount of
selenophosphate synthetase. Incubation time was 25 min.
Fractions of 1.5 ml at a flow rate of 0.5 ml/min were
collected. The peak of enzyme activity was eluted at about
140 mM NaCl in a trough preceding a major protein peak.
Only the leading fractions of highest purity were pooled (11
ml).
Step 5. Adsorption to and elution from hydroxyapatite
provided a final purification step. The enzyme solution from
the DEAE column was applied to a Hypatite C column (0.7
cm x 2.5 cm bed) equilibrated with 10 mM potassium
phosphate, pH 7.2/1 mM dithiothreitol/0.5 mM MgTitriplex
(buffer B). NaCl in the applied solution did not affect reten-
tion of the enzyme. After the column was washed with 6 ml
of buffer B, a linear gradient of 10-250 mM potassium
phosphate (pH 7.2), in buffer B (26 ml) was applied. Fractions
of0.5 ml at aflow rate of0.2 ml/min were collected. A protein
peak coincident with the enzyme activity peak was eluted
with 85 mM phosphate. A summary of this purification
procedure is shown in Table 1. All steps were carried out at
room temperature. Enzyme fractions were stored at -80WC.
Enzyme activity assays at each step of the procedure were
performed directly on aliquots of the eluted fractions. The
large and constant loss of enzyme activity observed after the
ion-exchange and hydroxyapatite chromatographic steps is
the major cause of the low overall yield of active enzyme.
Supplementation of enzyme preparations after these steps
with boiled crude extract or with low molecular weight
components (Mr <30,000) from crude extracts did not restore
activity.
Only two protein bands were detected in the pooled
enzyme peak fractions (2 ml) from hydroxyapatite by native
PAGE analysis. One of these progressively increased while
the other progressively decreased during the last isolation
steps. The band that was enriched, at Mr ~240,000, ac-
counted for 50-60% of the total protein based on Coomassie
blue staining intensity. A molecular weight in the 200,000
range also was estimated from the elution position of the
enzyme peak from Sepharose CL-6B. The estimated enrich-
ment factor, 150 for 50%o pure protein, is much lower than
expected for a tRNA-modifying enzyme and may be ex-
Table 3. 75Se incorporation into tRNA in the presence of
[75Selselenophosphate as selenium donor
Seleno- Seleno- Se incorporation
phosphate phosphate cpm/ pmol/
Exp. ,uM MCi synthetase, MM A2w unit A26 unit
1 36 9.5 4 4656 2.00
36 9.5 0 5845 2.52
43 11.5 4 5763 2.45
43 11.5 0 5995 2.55
2 23 12.0 0 2883 1.28
23* 12.0 0 2952 1.31
Standard assay mixtures containing 10A2w units of bulk tRNA, 50
,u of desalted ammonium sulfate precipitate of crude selAl mutant
extract, and [75Selselenophosphate were incubated for 25 min in the
presence or absence of selenophosphate synthetase as indicated. In
Exp. 2, ATP was omitted and one sample (*) was supplemented with
0.5 mM NaSeH.
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FIG. 1. Dose-dependent decrease in incorporation of 75Se into E.
coli bulk tRNA in the presence of added nonlabeled monoseleno-
phosphate. Reaction mixtures as described in Materials and Meth-
ods contained 20.5 MM [75Se]selenophosphate (11.8 MCi), 5 Azmo units
ofbulk tRNA, purified enzyme from step 5, 1.9 Mag of protein, and the
indicated amounts of chemically prepared monoselenophosphate.
Incubation time was 25 min.
plained by the presence of catalytically inactive enzyme
species in the final preparations.
RESULTS
Crude extracts of the S. typhimurium selD mutant (strain
selAl), unlike extracts from the wild-type bacterium, are
unable to incorporate 75Se into tRNAs from [75Se]selenide in
the presence ofATP (8). However, when supplemented with
selenophosphate synthetase (SelD protein), the enzyme that
synthesizes selenophosphate from selenide and ATP, ex-
tracts of the mutant strain then could incorporate 75Se into
tRNAs (Table 2). In this experiment 40 nM purified seleno-
phosphate synthetase was sufficient to complement the crude
mutant extract fraction (1 mg of protein). As shown earlier
(10), no 75Se incorporation into tRNAs occurred with the
selenophosphate-generating system alone. Heat treatment of
the mutant protein fraction at 650C for 10 min caused com-
plete loss of ability to incorporate 75Se into tRNAs, and only
about 30%o of the activity was retained after heating at 450C
for 10 min. To prove that the actual selenium donor for tRNA
selenation was selenophosphate, [75Se]selenophosphate was
prepared and used as substrate in the absence of the in situ
generating system. For this purpose, [75Se]selenophosphate
synthesized from [75Selselenide and ATP by selenophos-
phate synthetase (8) was separated from the enzyme and
unreacted [75Se]selenide by Sephadex G-10 column chroma-
tography (10). ["75SelSelenophosphate served as substrate for
75Se incorporation into tRNA by the mutant enzyme prepa-
Table 4. 75Se incorporation into tRNA in the presence or
absence of ATP
Enzyme
preparation Se incorporation
Step Ag Addition cpm/A260 unit pmol/A260 unit
3 40 None 9955 1.81
ATP [f3,y-CH2] 9878 1.80
4 10 None 6897 1.26
ATP 6892 1.25
5 1.9 None 6348 1.15
ATP 6359 1.16
The standard assay mixture minus ATP, containing 5 Ay~o units of
bulk tRNA, 15.2 ,uM [75Selselenophosphate purified by ion-pairing
HPLC (9.5 1uCi), and enzyme preparation as indicated, was supple-
mented with either ATP[3, -tCH2] (10 mM) or ATP (5mM) as shown.
Incubation time was 25 min.
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FIG. 2. Time course of 75Se incorporation into tRNA. Reaction
mixtures for curve A contained crude mutant extract protein (1 mg)
and the selenophosphate-generating system as described in Table 2.
For curve B, reaction mixtures contained purified enzyme and 20.5
AM [75Se]selenophosphate as described in Fig. 1.
ration, and the extent of labeling was independent of syn-
thetase addition (Table 3). Addition ofunlabeled selenide (0.5
mM) to a parallel sample lacking the selenophosphate syn-
thetase supplement did not decrease 75Se incorporation iito
tRNA. Thus, selenophosphate is the substrate used by the
mutant Salmonella enzyme preparation in the reaction in-
volving replacement of sulfur in tRNAs by selenium. With
purified enzyme from step 5, the isolated [75Se]selenophos-
phate and chemically prepared monoselenophosphate (10)
were indistinguishable as substrates for synthesis of seleno-
tRNA (Fig. 1). Although initially it was thought that ATP
might be required as a reactant in the sulfur replacement
reaction step, there was no effect of added ATP on 75Se
incorporation into tRNA by purified enzyme preparations
when [75Se]selenophosphate was the selenium donor (Table
4). Sufficient ATP supplied as a contaminant in the enzyme
preparation can be excluded by the lack of any inhibitory
effect of a high level of the ATP analog ATP[P,y--CH2].
Therefore, it can be concluded that the sole role ofATP in the
overall process is in the generation of selenophosphate.
The time course of the selenium substitution reaction with
either crude mutant extract as enzyme, curve A, or purified
enzyme, curve B, is shown in Fig. 2.
Linearity of the selenium incorporation reaction as a
function of enzyme concentration and selenium incorpo-
ration as a function of tRNA substrate concentration are
shown in Tables 5 and 6, respectively. In both of these
experiments 75Sejselenophosphate was added as selenium
donor and enzyme purified by DEAE-Sepharose chromatog-
raphy (step 4) was used.
When 10 A260 units of bulk tRNA was used as substrate an
apparent Km value of 17.1 ,uM was obtained for selenophos-
phate (Fig. 3).
Bulk thio-tRNA preparations from E. coli and wild-type S.
typhimurium were equally effective as substrate (3, 11) for
Table 5. 75Se incorporation into tRNA as a function of
protein concentration
Protein, Se incorporation
pg cpm/A2w unit pmol/A2w unit
6.3 1145 0.22
12.6 1838 0.36
25.2 3919 0.77
37.8 5527 1.09
Samples containing the standard assay mixture with 10 A260 units
of bulk tRNA, 21.6 AM [75Se]selenophosphate (12.5 &i), and the
indicated amount of step 4 enzyme were incubated for 10 min.
Proc. NatL Acad. Sci. USA 91 (1994)
Proc. Natl. Acad. Sci. USA 91 (1994) 8095
Table 6. Effect of tRNA concentration on extent of
75Se incorporation
tRNA added, Se incorporation
A260 units cpm/A26o unit pmol/A26o unit pmol (total)
2.5 7521 1.48 3.7
5 5627 1.10 5.5
10 3919 0.77 7.7
20 2331 0.46 9.2
Standard assay mixtures containing 21.6 gM [75Se]selenophos-
phate (12.5 1ACi), the indicated amounts of bulk tRNA, and enzyme
from step 4 (25.2 tug) were incubated for 10 min.
the selenium incorporation reaction catalyzed by the purified
Salmonella enzyme (Table 7). As expected, bulk tRNA
isolated from the E. coli asuE mutant strain, which lacks
2-thiouridine, did not serve as substrate. Also, bulk tRNAs
isolated from wild-type S. typhimurium grown in the pres-
ence of added selenite could not be further modified. E. coli
tRNAs containing oxidized 3'-adenosyl groups (formed by
treating deacylated tRNAs with periodate) were equally
effective as substrate, showing that an intact 3' end of the
molecule is not essential for selenium incorporation. Al-
though lysine and glutamate tRNAs of baker's yeast contain
2-thiouridines in the wobble position of their anticodons (14),
no selenium was incorporated into the commercial prepara-
tion tested. Whether this is due to the presence of the
methoxycarbonylmethyl substituent at position 5 of the
2-thiouridine residue in these tRNAs is not known.
To prove that selenium incorporation into the tRNA sub-
strate actually resulted in the formation of a 2-selenouridine
residue, the 75Se-labeled tRNAs formed by enzyme prepa-
rations at different levels of purity were digested to nucleo-
sides and analyzed by HPLC. A representative profile is
shown in Fig. 4. The labeled nucleoside that was eluted at 12
min in the fractions of the second peak of the profile was
coeluted with authentic 5-methylaminomethyl-2-selenouri-
dine and accounted for 40% of the 75Se. The first radioactive
peak, eluted at about 6 min, probably contained residual
undigested nucleotide. When alkaline phosphatase was omit-
ted from the digestion mixture 90% of the radioactivity
applied to the column was eluted with the same retention
time. A 75Se-labeled nucleoside present in the third radioac-
tive peak at 13 min is unidentified. In an earlier study (5) the
tRNA populations from chloramphenicol-treated E. coli cells
and from certain mutant E. coli strains also were found to
contain additional selenonucleosides. The chromatographic
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Table 7. Specificity of S. typhimurium tRNA 2-selenouridine
synthase for tRNA substrate
Se incorporation
Bulk tRNA type* cpm/A26o unit pmol/A2w unit
Baker's yeast 54 0.01
E. coli asuE mutant 97 0.02
E. coli, K104-treated 4095 0.80
E. coli 3000 0.60
S. typhimurium (-Se) 3950 0.78
S. typhimurium (+Se) 44 0.01
Standard assay mixtures containing 20.5 g.&M [75Selselenophos-
phate (11.8 uCi), enzyme from step 5 (1.9 jig), and 5 A260 units of the
indicated tRNA were incubated for 25 min.
*For source and method of treatment see Materials and Methods.
Glutamic acid acceptor tRNA (Sigma) labeling was very low. The
reason for this result is unknown.
and spectral properties of some of these were suggestive of
2-selenouridines with varying substituents at position 5.
From the results of the present study it is clear that
selenophosphate generated from ATP and selenide by sele-
nophosphate synthetase serves as the selenium donor sub-
strate for the enzyme that converts 5-methylaminomethyl-2-
thiouridine in tRNAs to 5-methylaminomethyl-2-selenouri-
dine. Since ATP is not required for the selenium substitution
reaction per se, it appears that a direct attack of selenophos-
phate on carbon-2 of the 2-thiouridine residue results in the
addition of selenium and concomitant elimination of sulfur.
The identity of the sulfur product has not been determined.
Sensitivity of tRNA 2-selenouridine synthase to treatment
with iodoacetamide (data not shown) suggests that one or
more thiol groups on the catalyst may participate in the
reaction.
We thank Richard S. Glass for providing monoselenophosphate
and Lin Tsai for synthesis of 5-methylaminomethyl-2-selenouridine.
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Selenophosphate synthetase, the product of the selD 
gene, produces the biologically active selenium  donor 
compound,  monoselenophosphate, from ATP and sele- 
nide. Isolation of the enzyme and characterization of 
some of its physical and catalytic properties are de- 
scribed. Magnesium ion and a monovalent cation, K', 
NH;, or  Rb+,  are  required  for  catalytic  activity.  Polypho- 
sphates and  other common nucleotide  triphosphates  do 
not  replace ATP as substrate. The stoichiometry of the 
catalytic reaction (Reaction 1) was  established using 31P 
NMR, anaerobic  molecular sieve chromatography, and 
radiochemical  labeling  procedures. 
ATP + selenide + H,O + selenophosphate + Pi + AMP 
In the  absence of selenide, ATP is converted  completely 
to AMP and  orthophosphate  upon  prolonged  incubation 
with  elevated levels of enzyme. AMP is a  competitive 
inhibitor of  ATP, Ki = 170 p ~ ,  whereas  selenophosphate 
and orthophosphate are weak inhibitors indicating a 
multistep  reaction.  Attempts  to  obtain  direct  evidence 
for a postulated enzyme-pyrophosphate intermediate 
using several  experimental  approaches  are  described. 
No exchange of ['4C]AMP with ATP could  be detected 
after the enzyme  was  freed of traces of contaminating 
adenylate kinase by chromatography  on  phenyl-Sepha- 
rose. 
In prokaryotes it has been  established that the  products of 
four genes, selA,  selB,  selC, and selD, are  required  for the syn- 
thesis and specific  insertion of selenocysteine  into  proteins as 
directed by the UGA codon (1-3). The selD gene  product  also  is 
essential  for an entirely  different  process, a posttranscriptional 
tRNA modification  involving  substitution of selenium  for  sulfur 
(4, 5 ) .  In this  case, a 2-thiouridine  residue  in  the "wobble  posi- 
tion" of the anticodon of certain tRNAs is  converted  to 2-sel- 
enouridine (5-8). The selD gene  product, a 37-kDa  protein (21, 
synthesizes a reactive  selenium  compound  from  selenide  and 
ATP which is used as selenium  donor  in  both of these  processes. 
On the  one hand, the selenium  compound  is  required for the 
addition  type  reaction  in  which  selenocysteyl-tRNA is gener- 
ated  from  seryl-tRNA (91, and,  on the other hand, it  serves as 
substrate in the substitution  reaction that converts a 2-thiouri- 
dine  residue  in tRNAs to  2-selenouridine  (10, 11). In 31P NMR 
studies,  we  demonstrated that selenium  is  bonded  directly  to 
phosphorus  in this novel  selenium  compound  (lo),  and  recently 
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this biologically active  selenium  donor  was  shown  to  be  iden- 
tical  with  chemically  synthesized  monoselenophosphate' (11). 
In view of these  findings,  the SELD protein  now  is  designated 
selenophosphate  synthetase. In the overall  reaction  catalyzed 
by this enzyme, ATP and  selenide  are  converted  to  selenophos- 
phate,  orthophosphate, and AMP. Mutants of the  enzyme,  gen- 
erated by site-directed  mutagenesis,  were  used  to  investigate 
the properties  and  mode of action of selenophosphate  synthe- 
tase  (12,  13). A cysteine  residue, Cys-17, and a lysine  residue, 
Lys-20,  which are located in a glycine-rich  region of the 
polypeptide, are  essential  for  catalysis of the  overall  reaction. 
In the present  report  we  describe  additional  properties of the 
enzyme,  the  stoichiometry of the reaction,  and  studies  designed 
to  implicate an enzyme-pyrophosphate  derivative as interme- 
diate  in the process. 
EXPERIMENTAL PROCEDURES 
Materials-H,75Se03 (1,000 Ciimmol) was purchased from the Re- 
search Reactor  Facility, University of Missouri, Columbia.  The follow- 
ing chemicals  were purchased from the indicated sources: [8-I4C1ATP 
(57 mCi/mmol), ['4C(UjIAMP (594 mCi/mmolj, [Y-~~PIATP (3,000 Cil 
mmolj, and [32Plpyrophosphate (0.66 Ciimmolj,  DuPont  NEN; 
['4C(UjIADP (563 mCi/mmol),  Amersham  Corp.; ATPyS?  ADPpS, and 
Ap5A, Boehringer Mannheim; a,p-methylene ATP, p,y-methylene ATP, 
FSBA, and sodium phosphate glass (type 35; average chain length = 351, 
Sigma; Genistein, Calbiochem; and MgTitriplex (MgEDTAj was from 
Merck AG. Trisodium thiophosphate was  from  Alfa  Research  Chemi- 
cals. Cellulose-polyethyleneimine F plastic-backed TLC sheets were 
purchased from J. T. Baker. Ion exchange and molecular  sieve reagents 
for chromatography were  from Pharmacia LKB  Biotechnology Inc. 
Enzyme Source-Escherichia coli MC4100 (14) containing two plas- 
mids, pGP1-2 (carrying the kanamycin resistance gene and the heat- 
inducible T7 polymerase  gene  (151) and pMN340 (carrying the ampicil- 
lin resistance gene and selD behind the T7 promotor (211, was 
generously supplied by  B.  Veprek and A.  Bock, University of Miinchen, 
Federal Republic of Germany. This strain was cultured in a 350-liter 
fermentor under overproducing  conditions  for the selD gene  product. 
The  medium contained 1% tryptone, 0.5% Difco yeast extract, 1% NaCl, 
50 pg/ml kanamycin, and 50 pg/ml ampicillin. When the cell density 
reached an A,,, of 0.6-1.0 during aerobic  growth at 30  "C, the tempera- 
ture was raised to 42 "C for induction of the T7 polymerase.  After 20 
min, the temperature was lowered to 37 "C for production of seleno- 
phosphate synthetase, the selD gene product. After 1 h, cells were 
harvested, frozen in liquid nitrogen, and stored at -80  "C prior  to use. 
Preparation of Cell Extract-A sonic extract was prepared from  15  g, 
wet weight, of E. coli cells suspended in 2 volumes (w/v) of 50 mM 
Tricine.KOH or Tricine.NaOH (pH 7.2) containing 2 mM dithiothreitol 
(DTT), 0.1 m~ MgTitriplex,  10 mM MgCl,,  10  pg/ml  DNase I, and 0.5 mM 
phenylmethylsulfonyl  fluoride.  After  removal of cell debris by centrifu- 
gation, ammonium sulfate was added to the supernatant solution to 
' Monoselenophosphate is SeP0,-3. 
phatej; ADPpS, adenosine 5'-0-(2-thiodiphosphate); Ap,A, P',P5-di- 
The abbreviations used are: ATPyS, adenosine 5'-0-(3-thiotriphos- 
(adenosine 5') pentaphosphate; FSBA, 5-p-fluorosulfonylbenzoyladeno- 
sine; Tricine, N-[2-hydroxy-l,l-bis(hydroxymethyl)ethyllglycine; D m ,  
dithiothreitol; PAGE, polyacrylamide  gel electrophoresis. 
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55% of saturation.  The  precipitate  was  resuspended  in 50 m 
Tricine.KOH  (pH 7.2) containing  2 mM DTT and  0.1 m Mfltriplex 
(buffer A). 
DEAE-Sepharose Chromatography-The redissolved  ammonium sul- 
fate  precipitate  was  desalted on Sephadex G-25 columns  equilibrated 
with  buffer A, and  the  protein  solution  was  applied  to a DEAE-Sepha- 
rose Fast Flow anion-exchange  column (2.5 x 17 cm) equilibrated  with 
buffer A. Proteins  were  eluted  with  a  linear  gradient of 0-0.3 M KC1 in 
buffer  A (1.6 liters)  at a flow rate of 120 mYh. Fractions (16 ml)  were 
collected, and  aliquots  were  analyzed by SDS-PAGE (16) for the pres- 
ence of selenophosphate  synthetase, a 37-kDa  protein.  Fractions con- 
taining  the  enzyme  were pooled, and KC1 was removed from the solu- 
tion (100 ml) containing about 0.1 g of protein by passage over a 
Sephadex G-25 column (2.8 x 62 cm) equilibrated  with  10 m potassium 
phosphate (pH 7.2) containing 2 m DTT and 0.1 m Mfltriplex 
(buffer B). This  solution  was  rechromatographed on the  same DEAE- 
Sepharose column equilibrated  with  buffer B. Proteins  were  eluted  with 
a  linear  gradient of 10-150 m potassium  phosphate  (pH 7.2) in buffer 
B (0.8 liter) at a flow rate of 60 rnm. Fractions (8 ml) containing 
selenophosphate  synthetase  were pooled, ammonium  sulfate  was  added 
to 80% of saturation,  and  the  protein  precipitate  was  resuspended  in  a 
minimal volume of buffer A. 
Sephacryl S-200 Chromatography-The protein  solution  was  applied 
to a Sephacryl S-200 column  (2.5 x 106 cm) equilibrated  with buffer A. 
Proteins  were  eluted  from  the column with  buffer  A a t  a flow rate of 48 
mYh. Fractions  containing  apparently homogeneous selenophosphate 
synthetase  as  judged by SDS-PAGE were pooled, and  the  protein  was 
precipitated by the  addition of ammonium  sulfate  to  80% of saturation. 
The  precipitate  was  resuspended  in  buffer  A  containing 50% glycerol 
and dialyzed  against  the  same buffer. The  chromatographic  steps  de- 
scribed above were  carried  out  either at 4  or  23 "C. Purified  enzyme 
preparations  were  stored at -80 "C. 
Phenyl-Sepharose Chromatography-The hydrophobic selenophos- 
phate  synthetase could be  freed of traces of contaminating  adenylate 
kinase by chromatography on phenyl-Sepharose.  A  solution  containing 
3  mg of enzyme  purified as described above was  transferred  to  buffer 
containing 1 M ammonium  sulfate  in  25 m Tricine.KOH (pH 7.2) on a 
Sephadex G-25 column  and  applied to a  phenyl-Sepharose CL-4B col- 
umn (2-ml bed volume) equilibrated  with  the  same buffer. The  column 
was  washed  with  6  volumes of buffer  containing 1 M ammonium  sulfate 
followed by 6  volumes of buffer  containing 0.5 M ammonium  sulfate. 
Protein slowly started  to  emerge  from  the column when  25 m 
Tricine.KOH containing 5 m DTT was  applied  and  was collected in two 
successive 10-column volume fractions,  each  containing  approximately 
0.5 mg of protein  (Fractions 1 and 2). Finally, 0.7 mg of protein  was 
eluted  with 3 volumes of buffer  containing 40% ethylene glycol (Frac- 
tion 3). All three fractions were transferred to 25 m Tricine.KOH 
buffer  (pH 7.2) containing 2 m DTT using  Centricon-10 microconcen- 
trators.  In some  experiments,  solutions  containing  0.2 M instead of 1 M 
ammonium  sulfate  were  used  for  adsorption of selenophosphate  syn- 
thetase  to  phenyl-Sepharose.  Protein  concentration  was  determined by 
Bio-Rad protein  assay. 
Selenophosphate  Synthetase Activity Assay-The selenide-dependent 
formation of AMP from ATP was  measured  after  separation of 14C- 
labeled  nucleotides by TLC. The  reaction  mixture (100 pl) contained  20 
mM KC1 in 100 m Tricine.NaOH  or  Tricine.KOH  (pH 7.2), 2 nm DTT, 
0.4-2 m [l4C1ATP (0.5-1.0 pCi), 3-4 m MgCI,, 0.5-5 1.1~ selenophos- 
phate synthetase, and 1.5 m NaSeH (added last). A stock selenide 
solution  was  prepared by reduction of Na,SeO, (30 m) with 250 m 
DTT at pH 8.5 under  argon.  The  carryover of DTT in  aliquots of this 
solution  added  to  reaction  mixtures  was  about 8 m. 
Reaction  mixtures  were  incubated in  small,  sealed  tubes  under  argon 
at  37 "C for 5-20 min.  Reactions  were  terminated by the  addition of 
HCIO,, and,  after  neutralization  with  KOH,  the  nucleotides  in 5-15-pl 
aliquots of the  supernatant  solutions (17) were separated chromato- 
graphically on cellulose-polyethyleneimine F thin  layer  sheets devel- 
oped in 1 or 1.6 M LiC1.  R, values of various  reference  compounds in 1.6 
0.62; AMP, 0.61 (0.40); ADP, 0.46 (0.19); ATP, 0.28 (0.05); thiophosphate, 
M LiCl (or in  parentheses  in 1 M LiCl) are  as follows: orthophosphate, 
0.25; pyrophosphate, 0.22; and ATPyS, 0.08. The  nucleotide  spots, de- 
tected by UV quenching,  were  cut  out,  scraped  into  vials,  and  the ra- 
dioactivity  was  measured by liquid  scintillation spectroscopy. 
For  determination of an  K,,app, value  for  selenide  the ATP concentra- 
tion  in  the  standard  assay  mixture  was  decreased to  0.1 m, and  sele- 
nide  was  varied  from  2.5  to  600 p ~ .  Aliquots of a  30 m NaSeH  prepared 
as described  above  and  diluted  under  argon  with 100 nm Tricine.KOH 
buffer  (pH 7.2), containing 20 m DTT were  added. 
[14C]AMP-ATP Exchange Assays-To detect an  enzyme-catalyzed ex- 
change of AMP with ATP in  the absence of selenide,  high  enzyme  levels 
pl)  contained 100 m Tricine.KOH (pH 7.2), 2 m DTT, 1 m [14C]AMP 
and prolonged incubation  times  were mployed. Reaction  mixtures  (100 
(1 pCi), 0.5 m ATP, 1.5 m MgCl,, and 30-40 w selenophosphate 
synthetase.  Incubations  were  carried  out  under  argon at  37 "C for 15- 
240 min. To detect  the  exchange of [32Plpyrophosphate  with ATP, the 
labeled AMP was  replaced  with  1.0 nm [32P]pyrophosphate (2 pCi).  The 
effect of the  addition of unlabeled AMP (1 m) to the reaction  mixture 
also  was  tested. 
Utilization of [14CJATP or [14C]ADP as Substrate-The  ability of sel- 
enophosphate  synthetase  preparations  to decompose ATP or ADP in  the 
absence of selenide  was  examined  using  high  enzyme  levels  and  longer 
incubation  times.  Reaction  mixtures  (100  pl)  containing 100 m 
Tricine.KOH  (pH  7.2),  2 lll~ DTT, 1.5 m ['4C]ADP (1 pCi), 3 mM MgCI,, 
and 40 1.1~ selenophosphate  synthetase  were  incubated  under  argon at 
37 "C for 10-60 min. When 1.5 m [l4CIATP replaced ADP as sole 
substrate,  the enzyme  concentration  was  increased  to  160 w, and  the 
incubation  time  was 22 h. 
['4ClATP and Na75SeH as substrates, the amounts of [14C]AMP and 
Determination of Stoichiometry of Reaction Products-Using 
7SSe-labeled selenophosphate  formed  enzymically  were  measured.  The 
reaction  mixture (2 ml)  contained 100 m Tricine.KOH  (pH 7.2), 2 m 
DTT, 1.5 m [l4C1ATP (1 pCi), 3 m MgCI,, 1.5 m Na7'SeH (0.4 pCi), 
and 40 p selenophosphate  synthetase. After incubation  for  2.5  h  under 
argon a t  37 "C, a 100-pl aliquot was withdrawn and used for TLC 
analysis of nucleotides as described above. The  remaining  1.9 ml of the 
reaction  mixture, after adjustment  to 20 m DTT and 1 mM Mfltri-  
with 20 lll~ DTT and 1 m MgTitriplex in 100 nm Tricine.KOH  (pH 7.2). 
plex, was  applied  to a Sephadex G-10 column (1 x 50 cm)  equilibrated 
The column was  eluted  with  the  same  buffer at a flow rate of 18 ml/h, 
and 0.45-ml fractions  were collected. 76Se in  the fractions  was  measured 
with a Beckman model 5500 y counter. Under these conditions the 
75Se-labeled selenophosphate  product is completely separated from re- 
sidual Na7'SeH, which emerges  from  the  column  later. 
31P NMR Time Course Studies-Phosphorus-31 NMR experiments 
were  performed  using  a  4.7-tesla, 26-cm horizontal bore magnet (Oxford 
Instruments, Oxford, United  Kingdom)  equipped  with an Omega spec- 
trometer  (General  Electric  Corp.,  Freemont, CAI.  To optimize  signal to  
noise,  a  15-turn solenoid coil (3-cm length)  was  constructed  around  a 
10-mm NMR tube.  Data  were collected at room temperature  using a 90" 
nutation  angle  RF  pulse  with  a recycle time of 1.4 s. For  the  time  course 
studies,  spectra for each  time  point  were  averaged  over  67  min. At the 
completion of the  time  course  studies,  fully  relaxed  spectra  were ob- 
tained  using  a recycle time of 12 s. Peak  areas from the fully  relaxed 
spectrum  were  used  to  correct  data  from  the  time  course  studies for 
partial  saturation. 
RESULTS AND DISCUSSION 
Purification of Selenophosphate Synthetase (selD Gene Prod- 
uct)-Isolation of selenophosphate  synthetase  in  amounts  suf- 
ficient  for detailed  studies on  enzyme properties  and mecha- 
nism of the  catalytic reaction was greatly facilitated by the 
availability of an  overproducing strain of E. coli (MC4100) 
transformed  with a plasmid bearing  the selD gene (2). Based  on 
the  amount of highly  purified selenophosphate  synthetase re- 
covered from several different batches of transformed cells, it  is 
estimated  that  about 15% of the  total soluble protein  in  crude 
sonic extracts of this  strain  is  the selD gene  product.  Only three 
purification steps consisting of ammonium sulfate fraction- 
ation, gel filtration,  and DEAE-Sepharose chromatography  are 
required to obtain  the enzyme in a high  state of purity. For a 
representative isolation  procedure starting  with 15 g of frozen 
cell paste,  the  protein  contents of these  early  fractions were: 
600 mg of clarified sonic extract, 400 mg of desalted 55% satu- 
rated  ammonium  sulfate fraction, and 100 mg of pooled enzyme 
fractions from the  first DEAE-Sepharose column. The  latter 
fraction containing about 15% of the protein of the extract 
consists of one  major protein component, a 37-kDa  protein, and 
only minor impurities  are detected by SDS-PAGE analysis (Fig. 
1). These  impurities  can be removed by rechromatography on 
DEAE-Sepharose followed  by a Sephacryl S-200 gel filtration 
step  (lanes 6-8 of Fig. 1). An average of 100 mg of apparently 
homogeneous protein (specific activity 83 nmol/min/mg of pro- 
Selenophosphate  Synthetase 10599 
43 v 
””- 
28 - 
14 - 
1 2 3 4 5  6 7 8  
FIG. 1. Assessment of protein purification by SDS-PAGE anal- 
ysis. Lane 1, high molecular weight  standards (Life Technologies, Inc.); 
lane 2,  clarified sonic extract (10 pg); lane 3 ,  desalted 55% ammonium 
sulfate fraction (10 pg); lane 4,  first DEAE fraction (10 pg); lane 5, 
second DEAE fraction (IO pg); lunes 6-8, Sephacryl S-200 early, peak, 
and  late  fractions ( 5  pg  each).  A 12% gel (Novex, San Diego, CA) was 
used,  and  proteins  were  stained  with Coomassie Brilliant Blue. 
tein) was  obtained reproducibly from 15 g of frozen cell paste by 
this purification procedure. Although only the 37-kDa protein 
is detected by  SDS-PAGE analysis, trace  amounts of adenylate 
kinase usually contaminate  the  preparations.  This became ap- 
parent when high enzyme levels and long term incubations 
were employed in  studies on mechanism of enzyme action (see 
later). By taking  advantage of the fact that selenophosphate 
synthetase is a hydrophobic protein  whereas adenylate  kinase 
is  an acidic hydrophilic species, an enzyme fraction could be 
obtained virtually free of the  contaminant by chromatography 
on phenyl-Sepharose as described under “Experimental Proce- 
dures.* The  total recovery of selenophosphate synthetase from 
phenyl-Sepharose  was 60-70%. There was no detectable 
change in specific activity (83 nmol/min/mg) of the enzyme 
after removal of the  contaminating  adenylate  kinase by this 
procedure. In  earlier  studies (10, 12),  an ATP-agarose affinity 
matrix  was employed to remove the 45-66-kDa protein con- 
taminants  remaining  after  the second DEAE-Sepharose chro- 
matographic  step. After adsorption to the affinity  matrix, sel- 
enophosphate synthetase  was  eluted with buffer containing  10 
mM ATP. This procedure  can be useful with  small  samples of 
enzyme but  is impractical for large scale enzyme isolation. 
Estimation of the  extent of purification of selenophosphate 
synthetase a t  early  stages of the procedure using as assay  the 
selenide-dependent conversion of  [14C]ATP to [14C]AMP is not 
possible because of interference by other ATP-utilizing en- 
zymes. However, by this method the enzyme can be detected in 
fractions eluted from the  first DEAE-Sepharose column with 
sufficient precision to locate the enzyme peak. Typically the 
ratio of selenide-dependenwselenide-independent AMP forma- 
tion is 1.5 for the 55% ammonium sulfate fraction and 59 for 
the pooled eluates from the  first DEAE-Sepharose column. Fol- 
lowing the second DEAE chromatographic step AMP formation 
from ATP is completely selenide-dependent under normal assay 
conditions. 
Catalytic  Properties and  Substrate Specificity-As reported 
earlier,  selenophosphate is synthesized from ATP and selenide 
(lo), and  the  other products of the reaction are AMP and or- 
thophosphate (Reaction 1) (9, 10). 
ATP + selenide + H,O - selenophosphate + P, + AMP 
REACTION I 
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FIG. 2. Lineweaver-Burk  plot of varying selenide concentra- 
tions at 100 PM ATP. 
The K,,, values  determined for ATP (13) and selenide (10) were 
0.9 mM and 46 PM, respectively. Considering that optimum se- 
lenium levels in  media used for culture of bacteria and various 
types of eukaryotic cells are in the 0.1-1 p~ range,  the K,,, value 
of 46 J ~ M  for selenide seems much too high. Inherent  errors 
introduced by the extreme oxygen lability of selenide can be a 
partial explanation for the high value. A  somewhat lower Km,app) 
value of 7.3 p~ for selenide was obtained  (Fig. 2) when extra 
precautions were taken  to  ensure  that selenium  in the stock 
solution was completely reduced and that strictly anaerobic 
conditions were maintained. If the actual form of selenium 
which reacts with the  synthetase  is a  minor component of the 
added  selenide solution or a derivative formed in  the reaction 
mixture  rather  than selenide  itself, the K,,, value for the sele- 
nium substrate could be even lower. 
ATP is utilized as phosphate donor by selenophosphate syn- 
thetase  and  is not replaced by other common purine and py- 
rimidine triphosphates (13). Using 31P NMR spectroscopy to 
detect selenophosphate formation, no reaction was observed 
when pyrophosphate, polyphosphate ( n  = 35) or the y-sulfur 
analogue of ATP (ATPyS) was  tested as  substrate in place of 
ATP (data not shown). Thus, selenophosphate synthetase ap- 
pears  to be an ATP-specific enzyme. 
Effects of Products on Catalytic Activity-AMP is  the only 
final product of the selenophosphate synthetase reaction which 
significantly inhibits  the catalytic  activity of the enzyme. In a 
more detailed  study, it was found that AMP shows competitive 
inhibition  with  respect o ATP with a Ki value of 170 PM (Fig. 3). 
In  contrast,  the addition of orthophosphate up to 20 mM does 
not affect the selenide-dependent formation of AMP from ATP 
(10). Selenophosphate  added a t  1.5 and 2.5 mM concentrations 
in the presence of 1 mM ATP inhibited 12 and 26%, respectively, 
and no inhibition  was observed a t  0.5 mM. Inhibition to a simi- 
lar extent by thiophosphate, the  sulfur analogue of selenophos- 
phate, required much higher  concentrations (10-20 mM). The 
lack of any  marked effect of selenophosphate or orthophosphate 
on the selenide-dependent formation of AMP from ATP is  in- 
dicative of a multistep reaction mechanism. 
Studies on Reaction Mechanism-In  view of the fact that  the 
biosynthetic reaction giving rise to selenophosphate results  in 
the formation ofAMP rather  than ADP, a mechanism involving 
an  initial cleavage of ATP to give an enzyme-pyrophosphate 
intermediate seemed reasonable.  For  example, in  the reaction 
with ATP catalyzed by pyruvate, phosphate dikinase, it  has 
been established that  the first step involves formation of a 
covalent enzyme-pyrophosphate derivative (18). In  this case, 
the pyrophosphate moiety is bonded to  an imidazole nitrogen of 
a histidine residue in  the protein (19). Another enzyme, the 
relA gene product, which catalyzes the  synthesis of guanosine 
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FIG. 3. Competitive  inhibition  by A M P ,  a product of the  reac- 
tion. Reaction mixtures  containing 100 m Tricine.KOH  (pH  7.2); 2 m 
D’IT; 1.5 m NaSeH; 3 m~ MgCl,; 2 p enzyme;  [l4C1ATP (1 pCi) 0.4 
m, .”., 0.75 m, A-A, or 1.5 m, o ” 0 ;  and the indicated 
amounts of AMP  were  incubated at 37 “C for  5-25  min  under  argon. 
pentaphosphate (201, may  use a comparable mechanism for the 
transfer of pyrophosphate from ATP to GTP. To obtain evidence 
implicating a covalent  enzyme-pyrophosphate intermediate  in 
the  selenophosphate  synthetase reaction, we tested  the  ability 
of the  enzyme  to  catalyze  the exchange of  [14C]AMP with ATP in 
the  absence of selenide. Back reaction of such an  intermediate 
with [l4C1AMP would result  in  the incorporation of radioactiv- 
ity  into  the ATP pool. Although [14C]ATP was formed under 
these conditions, another labeled product, [14C]ADP, also ap- 
peared  in significant amounts.  From  the  results of a number of 
experiments  carried  out  under  various conditions, it was con- 
cluded that  the  apparently homogeneous enzyme preparations 
probably contained contaminating adenylate kinase, which 
could explain  the formation of  [14C]ADP since this enzyme con- 
verts ATP + AMP to 2 ADP. Using [14C]ADP as the sole sub- 
strate,  the  ability of the  enzyme  preparation to catalyze the 
reverse  reaction  was examined. As shown in Table I, an appre- 
ciable amount (23%) of the  added [l4C1ADP (1.5 m ~ )  was con- 
verted  in 1 h to a mixture of [l4C1ATP and [‘4ClAMP in  the 
absence of selenide,  and  this is indicative of adenylate  kinase 
activity. In the presence of selenide, a similar amount of 
[14C]ADP was decomposed, but  the only  nucleotide that accu- 
mulated  was [14C]AMP due  to  utilization ofATP by selenophos- 
phate  synthetase. Adenylate kinase from  most  prokaryotes is 
much  less  sensitive  to  the inhibitor, Ap,A, than is the  mamma- 
lian enzyme.  When this nucleotide was  added  to  the reaction 
mixtures at the higher concentrations normally required to 
inhibit  bacterial  adenylate  kinases, conversion of [l4C1ADP to 
[14C]ATP and [I4C]AMP was decreased (Experiment 2 of Table 
I). Further purification of the  enzyme by chromatography on 
phenyl-Sepharose provided direct evidence that ADP  formation 
and  utilization were  catalyzed by a contaminating enzyme in 
the  preparations. As seen  in Table 11, the  adenylate  kinase-like 
activity  present  in  the nzyme preparation applied to  the phe- 
nyl-Sepharose  column was  greatly decreased in  amount  in  the 
final  fraction  (Fraction 3), which required a high  concentration 
of ethylene glycol for elution.  This  is  consistent  with  the  fact 
that  adenylate  kinase is hydrophilic in character  whereas sel- 
enophosphate  synthetase is a hydrophobic protein.  It is of in- 
terest that the  catalytic  activity of the  selenophosphate  synthe- 
tase  preparation  was not  detectably altered by this procedure, 
indicating that the  associated  adenylate  kinase  seems  to  have 
no stimulatory role in removing AMP product  from the enzyme. 
When the fully active, resolved selenophosphate synthetase 
(Fraction 3 enzyme)  was  assayed for its ability to catalyze the 
exchange of [14C]AMP with ATP, no radioactivity was  detected 
in ATP (Fig. 4). Thus,  the  apparent exchange reaction observed 
TABLE I 
Selenophosphate synthetase as routinely isolated catalyzes the 
formation of ATP and  AMP from ADP 
Reaction mixtures containing [l4C1ADP as substrate are described 
under “Experimental Procedures.” NaSeH and Ap,A were added as 
indicated.  Samples were incubated  for 10 or 60 min  before  nucleotide 
analysis. 
ATP AMP 
10min   60min  10min   60min  
Expt. 1 
PM PM 
Control 14 80 40 267 
+ NaSeH (1.5 m) a 4 63 374 
Control 84 211 
+ Ap5A (100 w) 22 158 
+ Ap5A (200 w) 9 130 
Expt. 2 
Effect of phenyl-Sepharose  chromatography on the extent of [14ClADP 
TBLE I1 
utilization by selenophosphate synthetase  preparations 
Enzyme fractions, exhibiting identical selenophosphate synthetase 
activities, were 40 p. Incubation  mixtures, as described under  “Experi- 
mental  Procedures,” were  incubated  for 60 min. 
~ 
Products  formed  from [“ClADP 
ATP AMP 
Enzyme  fraction 
Sephacryl  S-200 96 
Phenyl-Sepharose eluates 
PM 
243 
Fraction 1 79 265 
Fraction 2 48 223 
Fraction 3 3 72 
140 
ADP 
- 5 100  120 I A 
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Time (hours) 
FIG. 4. Conversion ofAMP to ATP and ADP by selenophosphate 
synthetase  preparations  is  decreased  after  chromatography  on 
phenyl-Sepharose. [l4C1AMP, 1 m, and  unlabeled ATP, 0.5 m, were 
incubated with selenophosphate synthetase, 35 p, for the indicated 
times as described under “Experimental Procedures.” ADP (A-A) 
and ATP (W) formation by the Sephacryl  S-200  enzyme and ADP 
(A-A) and ATP (c”.) by phenyl-Sepharose  Fraction 3 are shown. 
initially  and shown here  (Fig. 4, W) can be attributed  to 
interconversion of the  adenylate nucleotides by the contami- 
nating  adenylate  kinase.  Instability of the  putative pyrophos- 
phate  derivative of selenophosphate  synthetase could explain 
the  inability  to  detect a back  reaction with AMP. 
In  all of these  experiments,  the  eventual conversion ofATP to 
AMP as the sole nucleotide  product  (Table III),  particularly  in 
the absence of selenide, can be interpreted as indicative of the 
formation of an intermediate enzyme-pyrophosphate deriva- 
tive of selenophosphate synthetase. The instability of this 
bound pyrophosphate compound resulting  in its release from 
the enzyme as orthophosphate (no pyrophosphate has been 
detected) would allow continued  reaction of the  enzyme  with 
ATP, resulting  in  the  selenide-independent conversion ofATP to 
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TABLE I11 
ATP is completely converted to AMP in the absence of selenide 
Samples containing 1.5 m~ [14]ATP were incubated for 22 h in  the 
absence or presence of enzyme (160 p ~ )  as described under “Experi- 
mental Procedures.” The same amounts of products were formed in the 
presence of selenide (1.5 m). 
Incubation 
condition [“CIATP  [“CIADP [“CIAMP 2 
PM 
ATP substrate; not incubated 1,452 36 5 1,493 
-Enzyme 1,431 50 11 1,492 
+Enzyme 57 35  1,395 1,487 
AMP. Adenylate kinase alone cannot be responsible  since  even- 
tually it leads to the accumulation of the  three nucleotides 
AMP,  ADP, and ATP in approximately equal  amounts. Prelim- 
inary  attempts  to  detect  the  postulated enzyme-pyrophosphate 
derivative by 31P NMR spectroscopy were  not successful. Even 
though a concentration of enzyme in  the 500 p~ range was 
used, no new  resonance  was found. Additional  procedures, such 
as gel filtration  and  rapid precipitation using organic  solvents, 
which have been effective with  pyruvate,  phosphate  dikinase 
(21,  22)  failed to  detect  an enzyme  derivative that  was labeled 
exclusively with  the y phosphate moiety of  ATP. 
Stoichiometry of the Catalytic Reaction-‘ho independent 
methods  were used  to  determine  the stoichiometry of the over- 
all reaction  catalyzed by selenophosphate synthetase.  The  first 
employed 31P NMR spectroscopy. The reaction was  carried  out 
in a sealed 3-ml NMR tube,  and 31P NMR spectra were  acquired 
over several hours. The slopes of the curves describing the 
increases  in product  concentrations and  the decrease in ATP 
concentration as a function of time were  not  significantly dif- 
ferent for each of the  three products,  selenophosphate (0.2421, 
orthophosphate (0.346), and AMP (0.277) and also for ATP 
(0.2791, suggesting a 1:l:l ratio of product  formation. At the 
time of the first scan  the  absolute  amounts of the  three prod- 
ucts were not  the  same. Relative to AMP the selenophosphate 
was lower, and  the  orthophosphate  was higher, indicating some 
initial breakdown of selenophosphate.  Since  selenophosphate 
is very sensitive  to oxidation, an  alternative, more rapid 
method of measurement of product  formation using radiola- 
beled substrates  was  carried out.  After  incubation of enzyme 
with Na75SeH and [14C]ATP for 2.5 h under a continuous flow  of 
argon,  aliquots of the reaction mixture  were applied to a poly- 
ethyleneimine TLC sheet,  and  the  remainder  was chromato- 
graphed on a Sephadex G-10 column under anaerobic condi- 
tions.  On the TLC sheet  the radioactive seleno-compounds were 
oxidized to  elemental selenium that  was detected as a red pre- 
cipitate remaining at the origin. The [l4C1AMP product was 
separated from residual [14C]ATP  by developing the chromato- 
gram  in 1 M LiCl, and radioactivity in  the nucleotide spots was 
measured by liquid  scintillation spectroscopy. The 75Se-labeled 
selenophosphate product was completely separated from re- 
sidual 75Se-labeled selenide by passage over the  Sephadex G-10 
column, and fractions  containing the two labeled compounds 
were measured by y counting.  From the  results of this experi- 
ment, 2.2 pmol of selenophosphate and 2.2 pmol of AMP were 
generated  during  the enzyme  reaction.  Since  selenophosphate 
and  orthophosphate  are not separated by the molecular sieve 
chromatographic  procedure, the incorporation of radioactivity 
from [y-32P]ATP into  these products was  determined following 
TLC analysis. For comparison, samples of parallel reaction 
mixtures  incubated  with [75Se]selenide or [y-32P]ATP were 
chromatographed on cellulose-polyethyleneimine sheets  under 
the  same conditions. Duplicate  chromatograms  were developed 
either  under anaerobic  conditions in a nitrogen  laboratory or 
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FIG. 5. Effects of monovalent  cations on selenophosphate syn- 
thetase activity. Reaction mixtures described under “Experimental 
Procedures” containing Tricine.NaOH  were supplemented as indicated. 
under  the  usual aerobic conditions as described under “Experi- 
mental Procedures.” On the chromatogram developed in  the 
anaerobic  laboratory, 46%  of the 32P from the labeled ATP mi- 
grated  with  the  same R, (0.2) as the 75Se-labeled product that 
contained 92%  of the  total 75Se. Residual ATP (R, = 0.28)  ac- 
counted for 25%  of the 32P and  orthophosphate (R, = 0.62) 24%. 
In  contrast, 54%  of the 32P from the labeled ATP migrated  with 
orthophosphate on the chromatogram developed in air, and less 
than 20% was found at R, = 0.2. Under  these conditions sel- 
enophosphate is readily oxidized and decomposes to give or- 
thophosphate  and  elemental selenium. In  the 75Se sample,  the 
latter was detected as a trailing radioactive spot extending 
from the origin to about 1 cm above the origin. Although the 
TLC method is not satisfactory for quantitative  estimation of 
orthophosphate in  the presence of selenophosphate, it  is clear 
that selenophosphate is derived from the y phosphate of  ATP. 
This confirms the  results of Ehrenreich et al. (9), who used a 
procedure based on reactivity with molybdate to show that 
orthophosphate is derived from the p phosphate of  ATP. These 
data  are  in  agreement with the  results of the NMR measure- 
ments  and confirm that  in  the overall catalytic reaction the 
selenide-dependent cleavage of one ATP results  in  the forma- 
tion of one equivalent each of selenophosphate, orthophos- 
phate,  and AMP. 
Metal Zon Requirements-Selenophosphate synthetase activ- 
ity  is completely dependent on magnesium ion, and  other di- 
valent cations such  as  manganese or cobalt fail to  activate  the 
enzyme  significantly (13). Zinc, in  the 1.1~ concentration range, 
is an effective inhibitor of the reaction (13). In addition to the 
divalent cation requirement, a monovalent cation  also is  essen- 
tial for selenophosphate synthetase activity. The dependence 
on potassium ion is illustrated in Fig. 5 .  Ammonium or ru- 
bidium ion can  partially replace  potassium ion, but  the reaction 
velocities obtainable  are slightly  different. Thus, relative to K+ 
= 1, NH; = 0.78, and Rb’ = 0.75. Li’ and Na’ are ineffective as 
activators  and are inhibitory in  the presence of K’. Thus, at 20 
mM KCl, decreases in  the reaction velocities of 16  and 44% were 
observed upon the  addition of 40 mM Na’ or Li’, respectively, 
whereas  with KC1 alone the concentration could be increased to 
80 mM without a significant  change in  the reaction velocity. The 
first enzyme reported to be activated by potassium ion was 
pyruvate kinase (231, and  it  was shown that  the binding of 
either K’, Rb’, or NH; to this enzyme results  in conformational 
changes (24). In  the  meantime,  other enzymes have been shown 
to exhibit similar  requirements,  but  the precise mechanisms 
involved in  the activation processes are poorly understood. 
Effect of pH-There was no significant effect of variations  in 
pH  between 7.2 and 8 on the  rate of the reaction  catalyzed by 
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TABLE IV 
Effects of nucleotide analogues on selenophosphate synthetase activity 
The reaction mixtures (100 pl) contained 1.5 m ['4C]ATP, 3 m 
MgCl,, 1.5 m NaSeH, 2 m DTT, and 2 p f  enzyme, except that in 
Experiment 2,  the ll4C1ATP concentration was 1 m, and, in Experi- 
ment 3, 2 m P4C1ATP and 4 mM MgCl, were used. Incubations were 
carried out at 37 "C  for 20 min under argon. 
Compound added Concentration 
Expt. 1 
None 
FSBA 
FSBA 
Expt. 2 
None 
mM 
0.1 
0.5 
a,P-CH,-ATP 1 
a,P-CH,-ATP  2 
P,y-CH,-ATP 1 
P,y-CH,-ATP  2 
ATPyS 1 
ATPyS  2 
AMP 0.2 
AMP 0.6 
Expt. 3 
None 
ADP 
ADP 
ADP@ 
ADPPS 
1 
2 
1 
2 
ATP converted 
to AMP Inhibition 
% 
4.1 
3.0 
1.8 
6.9 
4.9 
2.8 
4.3 
2.3 
4.6 
3.1 
4.2 
2.3 
2.5 
2.2 
2.2 
0.7 
0.5 
TABLE V 
Effect of H202 treatment on the catalytic activity of 
selenophosphate synthetase 
Selenophosphate synthetase (32 in 100 mM Tricine.KOH (pH 7.2) 
was incubated with H,O, as indicated for 30 min at  23 "C,  followed  by 
washing with the same buffer  on  a Centricon-30 microconcentrator  to 
remove H,O,. Activity of the treated enzyme (1  w) was determined 
cedures." Activity is expressed as the percent of ['*C]ATP (1.5 m) 
under standard assay conditions as described under "Experimental Pro- 
converted to [14ClAMP in 20 min under standard assay conditions. 
% 
H A  Enzyme  activity 
27 
56 
29 
59 
38 
67 
33 
55 
39 
67 
12 
72 
12 
80 
selenophosphate synthetase. At lower pH values (i .e.  pH 6) 
where DTT is only slightly ionized, incubation mixtures were 
not sufficiently anaerobic to prevent selenide oxidation as 
judged by the  appearance of red  elemental selenium.  Enzyme 
activity in  this pH range,  using  other educing agents,  has  not 
been explored. 
Znhibition by Nucleotide Analogues-The reaction of seleno- 
phosphate  synthetase  with ATP is inhibited competitively by 
8-azido-ATP (13). AK, value of 0.95 mM, which is comparable to 
the K,,, value of 0.9 mM for ATP, was  determined. The effects of 
several  other ATP analogues on the activity of the enzyme are 
shown in Table IV. Of these FSBA is  the most potent, possibly 
because of its known reactivity with sulfhydryl groups. The 
a#-, and P,y-methylene analogues of ATP and  the y-thio de- 
rivative of ATP also inhibit significantly, but concentrations 
equivalent  to ATP levels are required.  The marked inhibition 
by ADPPS whereas ADP has negligible effect on enzyme  activ- 
ity, although  interesting,  is unexplained.  This same sample of 
ADPPS had no observable  inhibitory effect on the activity of 
adenylate kinases from E. coli and Clostridium s t ick l~ndi i .~  
Inhibition by AMP is illustrated  in more detail  in Fig. 3. The 
antibiotic genistein (4,5,7-trihydroxyisoflavone), a potent in- 
hibitor (ICso = 3-30 m) of certain tyrosine-specific protein  ki- 
nases  (25)  and protein histidine  kinase (ICEo = 110 w) (261, had 
no effect on the activity of selenophosphate synthetase at a 1 
mM concentration. This compound is thought  to bind at or close 
to  the ATP binding site of protein  tyrosine and  histidine  kinases 
(26). 
Stability Properties of Selenophosphate Synthetase-Highly 
purified preparations of selenophosphate synthetase  have been 
stored for at least 1 year at  -80 "C with no detectable loss of 
activity. The enzyme is moderately stable  to  heat  treatment, 
and no loss of activity was detected when 5-pl aliquots of a 
solution  containing  10  mg of proteidml  in 100 mM Tricine.KOH 
(pH 7.2), 2 mM DTT, and 0.1 mM EDTA were heated aerobically 
for 5 min at 50 or at 60 "C, but  heating at  70 "C inactivated  the 
enzyme completely. Fully active enzyme was recovered after 
precipitation  with  ammonium sulfate at pH 3.5. Enzyme  solu- 
T. C. Stadtman, unpublished data. 
mM 
0 
3 
5 
10 
20 
% 
4.1 
1.8 
1.3 
0.9 
0.0 
tions adjusted  to pH 5 with HCl and held at room temperature 
for 10  min prior to  assay did not  change in activity. 
In  early  studies,  care was taken  to protect  selenophosphate 
synthetase  preparations from oxygen inactivation by inclusion 
of D'IT and EDTA in  all buffers. However, in  spite of the fact 
that  the enzyme is inactivated by alkylation and at least 1 
cysteine residue  in  the protein has been shown, by site-directed 
mutagenesis (121, to be essential for catalytic activity, extensive 
exposure to oxygen in  the absence of Dl" does not inactivate 
the enzyme. Thus, no change in enzyme  activity occurred when 
a stream of air or oxygen was passed through enzyme solutions 
containing  100 mM Tricine.KOH buffer (pH 7.21, in  the absence 
of  DTT, for periods of up to 10  min at room temperature. The 
addition of manganese ion to increase the  rate of sulfhydryl 
group oxidation in  the  aerated enzyme preparation did not lead 
to inactivation of the enzyme in  10  min  at room temperature, 
and no change  in  titratable protein -SH groups (12) indicative 
of S-S bond formation could be detected (data not shown). 
Treatment of the enzyme with H,O,, however, caused  inhibi- 
tion. As shown in Table V, incubation of the enzyme at pH 7.2 
with  increasing  amounts of peroxide, in  the absence of DTT and 
EDTA,  for 30 min caused a progressive loss of catalytic activity. 
At a concentration of 3 mM H,O,, 50% loss of activity was 
observed. From these  experiments it appears  that if there was 
any oxidative inactivation of the enzyme during exposure to  air 
or oxygen, the modification must  have been readily  reversible 
under  the highly  reducing conditions of the enzyme assay. In 
contrast, it is evident that there was extensive peroxide-in- 
duced modification of the enzyme which was not reversible 
during  the 20-min assay  in  the presence of mM concentrations 
of DTT and NaSeH. Reaction of the  essential cysteine with 
H,O, to form RSOH might be a possible explanation provided 
regeneration of active  thiol from RSOH is slow. In  many  cases 
metal ion-catalyzed oxidative inactivation of enzymes by per- 
oxide has been shown to involve extensive destruction of histi- 
dine, lysine, arginine,  and  other  amino acid residues  (27). In 
these  systems peroxide alone is relatively ineffective. The in- 
activation of selenophosphate synthetase by peroxide (Table V) 
was independent of added metal ion, but catalysis by tightly 
bound metal  in  the protein  cannot be excluded. 
Attempts  to define the ATP binding site on selenophosphate 
synthetase  using  8-a~ido-[~'P]ATP as a photoaffinity label in- 
dicated that  the catalytically essential Cys-17 residue is impor- 
tant for 32P label  incorporation into protein (13). Also, when the 
enzyme is  inactivated by treatment with iodoacetamide, it  is 
likely that conversion of this  essential cysteine residue  to  its 
S-carboxamidomethyl thioether derivative occurs. Therefore, 
alkylation experiments were performed in  the presence of  ATP 
and  its fluorosulfonyl analogue FSBA to see if binding of these 
nucleotides could protect the  target cysteine  residue. Neither 
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TABLE VI 
Effects of nucleotides  on  the  reaction of selenophosphate 
synthetase with iodoacetamide 
For alkylation with iodoacetamide, the enzyme solution (100 phd was 
reduced with 1 m DTT for  15 min at 23 "C in 100 n m  Tricine.KOH  (pH 
7.2) containing 0.1 m Mg'htriplex and then reacted with 5 m iodo- 
acetamide at 23 "C  for 60 min in the presence or absence of the indi- 
cated nucleotides. MgATP and MnATP were  3 m, and  FSBA was 1 m. 
The reactions were terminated by the addition of 7.5 m DIT. The ac- 
tivities of alkylated andor untreated enzymes (2 1.1~ each) were  deter- 
mined as described under "Experimental Procedures." The alkylated 
enzyme preparations  were not separated from the components  of the 
reaction mixtures prior to assay. In  Experiment  2 the amount of  MnATP 
carried  over into the assay mixture was 68 w. This level of MnATP 
inhibits about 40%. 
Enzyme assayed ATP converted to AMP 
% 
Expt. 1 
Untreated enzyme 4.1 
Untreated enzyme + alkylated enzyme 4.4 
Alkylated enzyme 0.0 
Enzyme alkylated in the presence of  MgATP 0.0 
Untreated enzyme 3.2 
Untreated enzyme + enzyme alkylated in the 
presence of  MnATP 1.8 
Enzyme alkylated in  the presence  of MnATP 0.0 
Untreated enzyme 3.5 
Untreated enzyme + enzyme alkylated in the 2.5 
Enzyme alkylated in  the presence  of  FSBA 0.0 
Expt. 2 
Expt. 3 
presence  of  FSBA 
the  substrate ATP nor FSBA had  any effect on the  extent of 
inhibition by iodoacetamide (Table VI). Also, the  replacement of 
MgC1, with MnCl,, which results in tighter  binding ofATP (131, 
afforded no  protection.  A mechanism involving the  initial reac- 
tion of ATP with Cys-17 to form an  enzyme-bound  thiopyro- 
phosphate  intermediate is not  supported by these findings, al- 
though  such an intermediate  might be too unstable  to protect 
the thiol group from alkylation due to weakness of the S-P 
bond. Readily  hydrolyzable  thiomonophosphate  enzyme deriva- 
tives of an  essential cysteine residue  have been demonstrated 
in the  case of protein phosphotyrosine phosphatases (28, 29), 
and a mutant form of alkaline  phosphatase  containing cysteine 
in place of the active site serine (30). Whereas  with  serine at 
the active site  the  rate-limiting  step  is  the dissociation of or- 
thophosphate from the enzyme after hydrolytic  cleavage of the 
0-phosphoseryl bond, initial phosphorylation of the  thiol  group 
is  the slow step  with  the cysteine mutant (30). The mechanism 
of hydrolysis of inorganic  pyrophosphate by soluble  inorganic 
pyrophosphatases does not involve a covalent derivative of the 
enzyme (31). Instead,  the  substrate  and  magnesium ions are 
bound to  the enzyme in  an  orientation that facilitates reaction 
with  water. 
Studies  with  mutants of selenophosphate  synthetase  (12,13) 
showed that  an enzyme N-pyrophosphate  intermediate involv- 
ing  histidine 13 is not formed  since replacement of His-13 with 
asparagine  had no effect on  enzyme activity. Lysine 20 is re- 
quired for a later step in the overall reaction  rather  than  in  the 
initial reaction with ATP, and  therefore this residue  may not 
function as pyrophosphate  group acceptor. In  spite of the fact 
that the  putative enzyme-pyrophosphate derivative of seleno- 
phosphate  synthetase has not  been  identified, transfer of phos- 
phate from such an  intermediate  to selenide would form sel- 
enophosphate  containing  the y phosphate of ATP. Hydrolytic 
cleavage of the p phosphate  remaining on the enzyme would 
regenerate  the active catalyst.  There is a superficial similarity 
of this proposed mechanism to the  initial  steps of the  pyruvate, 
phosphate  dikinase  reaction  (21,22) in which transfer of phos- 
phate from the covalently linked pyrophosphate  group to or- 
thophosphate produces free pyrophosphate containing the y 
phosphate of  ATP. The  phosphate group originating from the p 
phosphate of ATP remains  as a monophosphate derivative of 
the imidazole nitrogen  and is transferred later to  pyruvate.  The 
level of pyrophosphoryl  enzyme accumulated  during a single 
turnover  was found to  depend on the  divalent  metal cofactor 
used, with Mn2+ and Co2+ being  more effective than Mg2' (32). 
Attempts to stabilize a putative pyrophosphate-selenophos- 
phate  synthetase  intermediate by the addition of Mn2+ were 
unsuccessful. Likewise, no new resonances  due  to  the presence 
of a pyrophosphoryl- or phosphoryl-enzyme  were  detected by 
31P NMR spectroscopy. Further  attempts  to  elucidate  the 
mechanism of the reaction which gives rise  to selenophosphate, 
the biological selenium donor, using a variety of other experi- 
mental conditions will be made. 
NMR facility and for continued help in the interpretation of 31P NMR 
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Escherichia coli Mutant  SELD  Enzymes 
T H E  CYSTEINE 17 RESIDUE IS ESSENTIAL FOR SELENOPHOSPHATE FORMATION FROM 
ATP AND SELENIDE* 
(Received for publication,  May 11, 1992) 
Ick Young Kim& Zsuzsa VeresSp, and  Thressa C. StadtmanST 
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Synthesis of a labile  selenium  donor  compound, se.- 
lenophosphate,  from  selenide and  ATP by the Esche- 
richia coli SELD  enzyme  was  reported  previously  from 
this  laboratory.  From  the  gene sequence, SELD is a 
37-kDa  protein  that  contains 7  cysteine  residues, 2 of 
which are located at positions 17 and 19 in  the se- 
quence -Gly-Ala-Cys-Gly-Cys-Lys-Ile- (Leinfelder, 
W., Forchhammer, K., Veprek, B., Zehelein, E., and 
Bock, A. (1990) Proc. Natl. Acad. Sei. U. S. A.  73, 
543-547). Inactivation of the enzyme by alkylation 
with iodoacetamide  indicated that at least 1 cysteine 
residue  in  the  protein is essential  for  enzyme  activity. 
To test  the possibility that  the  Cyd7  and/or Cys” resi- 
due might  be  essential,  these  were  changed  to  serine 
residues by site-specific mutagenesis. The biological 
activities of the wild type  and  mutant  proteins  were 
studied  using E. coli MBOS (selD-) transformed  with 
plasmids  containing  the selD genes. The  plasmid con- 
taining  the  Cys”-mutated  gene  failed  to complement 
MBOS, whereas  the  Cys”-mutated  gene  was  indistin- 
guishable from wild type. The mutant proteins, like 
the wild  type  enzyme,  bound  to an  ATP-agarose ma- 
trix, showing that  their  affinities  for  ATP  were  un- 
impaired.  Selenide-dependent  formation of AMP from 
ATP  was abolished  by mutation of CYS’~,  but  the Cys” 
mutation  had no effect on the  ability of the enzyme to 
catalyze  the  reaction.  These  results  indicate  that Cys17 
has  an essential  role in  the  catalytic  process  that  leads 
to  the formation of selenophosphate from ATP and 
selenide. 
It  has been demonstrated  that at least four genes, including 
selA, selB, selC, and selD, are required for  insertion of sele- 
nocysteine into selenium-dependent formate dehydrogenase 
in Escherichia coli (1, 2). The 37-kDa selD gene product 
(SELD  protein)  (3) catalyzes the  ATP-dependent  formation 
of  a  diffusible  selenium  derivative  from  selenide that  adds  to 
the 2,3  double  bond of aminoacrylyl-tRNA%A  generated by 
selenocysteine synthase to form selenocysteyl-tRNAsA (4, 
5 ) .  Recently, NMR spectroscopic studies showed that the 
labile selenium  derivative formed by the  SELD  protein  is a 
compound containing selenium bonded to  phosphorus (6). 
This  product also is required  for  conversion of the  5-methy- 
* The costs of publication of this  article were defrayed in  part by 
the payment of page  charges. This  article  must  therefore he  hereby 
marked “adugrtisement” in  accordance  with 18 U.S.C. Section 1734 
solely to  indicate  this fact. 
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Bethesda,  MD 20892. Tel.: 301-496-3002; Fax: 301-496-0599. 
laminomethyl-2-thiouridine (mnm5S2U) residue in the anti- 
codons of certain tRNAs to 5-methylaminomethyl-2-selen- 
ouridine  (mnm5Se2U) (1, 3, 6-8). Thus,  the  selenophosphate 
produced by the  SELD  protein  can  react  with various types 
of activated  receptor molecules involving selenium addition 
or replacement processes. 
An E. coli mutant defective in  synthesis of formate dehy- 
drogenases (9) was shown  to  have a  defective  selD gene (l), 
which prevented  insertion of selenium  into  the selenopoly- 
peptides of formate dehydrogenases and  into  the 2-selenour- 
idine residues of tRNAs.  The selD  gene,  which is located at  
38  min  on  the E. coli chromosome  was  cloned and sequenced 
(3). As deduced from  the gene sequence, the  37-kDa  protein 
is composed of 347 amino acids, 7 of which are cysteine 
residues. Based  on  sensitivity of the enzyme to  treatment  with 
iodoacetamide,’ at least one of these cysteine residues ap- 
peared to be essential for catalytic activity. Among likely 
candidates were the 2 residues located in the N-terminal 
region of the  protein  in  the sequence -Gly-Ala-Gly-Cys17-Gly- 
Cy~‘~-Lys-Ile-, a  sequence  which  also is  similar  to a conserved 
glycine-rich ATP-binding sequence, Gly-X-X-X-X-Gly-Lys- 
(Ser/Thr) (10-13). To test  the possibility that  the  Cyd7  and/ 
or Cys” residues are  essential,  they were changed  to  serine 
residues by site-specific mutagenesis. The enzyme activities 
of these mutant SELD proteins were determined and are 
reported  here. 
EXPERIMENTAL  PROCEDURES 
Materiuls”T4 DNA  ligase and  Taq  DNA polymerase were from 
GIBCO-BRL.  Restriction  enzymes were purchased  from New Eng- 
land Biolabs. Modified T7  DNA polymerase (Sequenase)  was  from 
United States Biochemical Corp. [cu-%]dATP (1,304 Ci/mmol), L- 
[35S]methionine (1,200 Ci/mmol), and [8-I4C]ATP (44.9  mCi/mmol) 
were purchased from Du  Pont-New  England Nuclear.  Cellulose PEI- 
F plastic-backed TLC  sheets were purchased from J. T. Baker,  and 
ATP-agarose ALD was from GIBCO/BRL. The antibiotics  ampicil- 
lin,  kanamycin,  and rifampicin were from  Sigma. All other  reagents 
were of the  highest  grade available. 
Bacterial  Strains  and  Plasmids-E. coli DH5a was  used for plasmid 
DNA  amplification,  and  competent cells of this  strain were purchased 
from  GIBCO-BRL. E. coli MB08 ( l ) ,  a selD mutant, was used as  the 
host  strain for determination of SELD enzyme activity. E. coli 
BL21(DE3)  carrying a T7  polymerase  gene under  the  control of the 
lacUV5 promoter in the chromosome (14) was used as a host for 
production of SELD  protein. 
Plasmid  pGP1-2  carrying  the  kanamycin-resistance gene and  the 
coli strain  MB08 for  expression of the selD gene. Plasmid  pMN340 
heat-inducible T7  polymerase gene (15) was cotransformed into E. 
carrying  the  ampicillin-resistance gene and selD gene behind  the T7  
promoter  (3), which  was  used as a selD gene  source, was a gift from 
A. Back (University of Munchen,  Germany). 
2. Veres, I. Y. Kim,  and J. C. Stadtman,  unpublished  data. 
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FIG. 1. Schematic illustration of site-specific mutagenesis 
of the selD gene. 
Site-specific Mutagenesis and Construction of the Recombinant 
Plasmids-Site-specific mutagenesis of the E. coli selD gene was 
performed using the polymerase chain  reaction  (PCR)’  technique  as 
schematically described in Fig. 1. The DNA  sequences of PCRprimers 
for  mutagenesis  corresponding  to oligo-1 in Fig. 1 were: Cys” (Cys” 
+ SerI7), 5’-CAATACAGCCACGGAGCTGGTTCCGGCTGTAAA- 
ATTTCC-3’; Cys-” (Cys” + Ser”),  5”CAATACAGCCACGGAGC- 
TGGTTGCGGCTCTAAAATTTCC-3’; C~S-” . ‘~   (CYS”, ’~  + Ser1i,19), 
3’, in which the boldface letters indicate the mismatches and the 
underlines  indicate  restriction enzyme, BstXI, recognition sites. The 
DNA sequence of the  internal  PCR  primer  corresponding  to oligo-2 
in  Fig. 1 was 5’-AATACCCGCCTGACGACATGCATAGCGTCCA- 
CCTTCGGT-3’, where the underlines indicate restriction enzyme, 
NsiI, recognition sites. All of the oligonucleotides  used in  this  study 
were  synthesized on an AB1 380A DNA synthesizer  in  this  laboratory. 
The PCR reaction was performed in a Perkin-Elmer thermal 
cycler. The reactions for amplification of mutant DNAs were per- 
formed  as follows: denaturation a t  94 ‘C for 1 min,  hybridization at  
55  “C for 1 min,  and  chain polymerization at  72 “C for 2 min. The 
reactions were allowed to proceed  for 35 cycles, and  the  reaction was 
linked  to a final polymerization step of 15  min at 72 “C.  The 370 base 
pairs of amplified  DNA were analyzed on  a  1.5%  agarose gel and  then 
digested  with two restriction enzymes, BstXI  and NsiI. 
The digested PCR  products were eluted from a 1.5% agarose gel 
and ligated with a 3.0-kilobase BstXIINsiI-digested  pMN340  DNA 
fragment.  The ligation mixtures were transformed  into E. coli DH5a. 
The  mutations  in  the selD  gene were confirmed by the dideoxy chain 
termination method of Sanger et al. (16), modified for use with 
modified T7  DNA  polymerase (Sequenase). 
Purification of SELD Protein-E. coli BL21(DE3) transformed 
with a plasmid  containing  the  mutated selD  gene was cultured  in a 
10-liter fermentor. The cells were grown in Luria broth (LB, 1% 
Tryptone, 0.5% yeast extract, 1% NaCI) containing ampicillin (50 
pg/ml) at  37 “C. When  the cell density reached an Ahg0 = 0.8, the selD 
gene was induced by addition of 0.4 mM isopropyl-0-D-thiogalacto- 
pyranoside, and incubation was continued for 3 h. From the cell 
extracts, the SELD proteins were purified by ammonium sulfate 
precipitation, protamine sulfate treatment to remove nucleic acids, 
and ion-exchange  chromatography  on DEAE-cellulose according to 
the procedure developed in the  laboratory of A. Bock.3 The isolated 
5”CAATACAGCCACGGAGCTGGTTCCGGCTCTAAAATTTCC- 
2The  abbreviations used are: PCR, polymerase chain reaction; 
SDS, sodium dodecyl sulfate; DTT, dithiothreitol; Tricine, N-[2- 
hydroxy-l,l-bis(hydroxymethy1)ethyl]glycine. 
’ A. Bock, personal  communication. 
proteins were monitored for purity by electrophoresis  on  SDS-poly- 
acrylamide gels. 
SELD Enzyme Activity Assay-The reaction mixture (100 p1) 
contained 100 mM Tricine/KOH  (pH 7.21, 2 mM DTT, 1.5 mM [“c] 
ATP (0.25 pCi; 1 Ci = 37 GBq), 1.5 mM NaSeH, 3 mM MgC12, and 
an  appropriate  amount of SELD enzyme. The  NaSeH was prepared 
as described by Veres et al. (6). Incubations were carried  out at  37 “C 
under argon. The reactions were terminated by addition of HClO,, 
and  the nucleotides were extracted as  described  previously  (17). The 
samples (5-15 p l )  were chromatographed  on polyethyleneimine-cel- 
lulose thin-layer sheets developed in 1.0 M LiCI. The AMP spots, 
detected by UV quenching, were cut  out  and  scraped  into vials, and 
the radioactivity was measured by liquid scintillation spectroscopy. 
For  alkylation  with  iodoacetamide,  the enzyme solution (100 pM) 
was reduced with 1 mM DTT for 30 min at 23 “c in 0.1 M Tricine 
buffer (pH 7.2) containing 0.1 mM EDTA and then reacted with 5 
mM iodoacetamide for 60 min at  23 “C.  The  reaction was terminated 
by addition of 7.5 mM DTT,  and  the enzyme activities were deter- 
mined as  described above. 
NMR Spectro~copy-~~P  NMR  experiments were performed  as 
described  previously (6). 
Determination of Sulfhydryl Groups-Determination of total 
sulfhydryl groups was performed according to the 5,5’-dithiobis(2- 
nitrobenzoic acid)  method described by Ellman (18). The reduction 
of the  protein  and  the  titration of the sulfhydryl  groups were carried 
out by the  method described by Cavallini et al. (19). In  both  cases, 
proteins were denatured by 6 M guanidine HCI. 
ATP Affinity Column Binding-Purified SELD from the  DEAE- 
cellulose step was desalted on a small column of Sephadex G-25 
(Pharmacia  LKB Biotechnology Inc.). The desalted  protein (600  pg) 
was applied to an 850-pI ATP-agarose (GIBCO-BRL) column pre- 
equilibrated  with buffer (10 mM Tricine, pH 7.2, 5 mM MgC12, 2 mM 
DTT,  and 0.1 mM EDTA). After  washing with  the  same buffer and 
collection of 12 fractions, buffer containing 10 mM ATP was applied 
to elute the protein. The flow rate was 0.15 ml/min, and 5-min 
fractions were collected. 
RESULTS AND DISCUSSION 
Site-specific Mutagenesis and Biological Activities of Mu- 
tated  selD Genes-As deduced  from the  DNA sequence of the 
E. coli selD gene, there  are 7 cysteine residues in  the 37-kDa 
SELD enzyme (3),  and a t  least one of these  is  essential for 
enzyme activity. To test the possibility that Cys17 and/or 
Cys” located in the  N-terminal region of the enzyme  might 
be essential, these were changed to serine residues by site- 
specific mutagenesis  as described under  “Experimental  Pro- 
cedures.” The  resulting  recombinant  plasmids  containing  mu- 
tated selD gene,  Cys” + Ser, Cys” - Ser,  and Cys”,‘’ + Ser, 
were constructed and designated pMN340-Cys17, pMN340- 
Cys”, and   pMN340-Cy~~~<~’ ,  respectively. The sequences of 
these  mutated selD genes were confirmed by DNA sequencing. 
E. coli MB08 (9) is  characterized  as a selD mutant (1) on 
the  basis of its  inability  to  incorporate selenium into  formate 
dehydrogenases and  into  the 2-selenouridine  moiety of 
tRNAs.  The  mutation  can be complemented by an  active selD 
gene (20). In  order  to  test  the biological activities of mutated 
selD genes, E. coli MB08 was cotransformed with recombinant 
plasmids  containing  the  mutated selD gene and plasmid 
pGP1-2. Because the selD genes used were controlled by the 
T7 polymerase promoter,  plasmid  pGP1-2  carrying T7 polym- 
erase gene was cotransformed  into  the  MB08  strain for 
expression of the selD gene. As shown in  Table I, transfor- 
mation of cells with  pMN340-Cys”  synthesizedactive  formate 
dehydrogenase  as judged by their  ability  to evolve hydrogen 
gas (21), whereas cells transformed with pMN340-Cys17 or 
pMN340-Cy~’~*’~  could not synthesize active formate dehy- 
drogenase.  Although neither  the  Cyd7  nor  the  CYS”,’~  mutated 
gene could complement  the selD MB08  mutant  strain,  it was 
found by [35S]methionine-labeling experiments  that  the cells 
transformed with  pMN340-Cys” or pMN340-Cy~’~,’’  synthe- 
sized proteins of the  same size as wild type (Fig. 2). Thus,  the 
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TABLE I 
Complementation of the selD mutation of E. coli MB08 by the 
mutated  E. coli selD  genes 
E. coli MB08 strains were grown in LB containing 0.5% glucose a t  
30 “C  to Ass, = 0.8, and  then  the  temperature was increased  to 42 “C 
for 20 min. Thereafter,  the  temperature was  decreased to 30 “C for 
overnight growth. 
Plasmid inserted Gas evolved” 
pMN340 - 
pGP1-2/pMN340-Cys1’ - 
pGPl-2/pMN340-Cys”” - 
pGP1-2/pMN340 + 
pGP1-2/pMN340-Cy~” + 
a Gas evolved is H,  produced by an active  formate  dehydrogenase- 
hydrogenase  complex (21). 
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FIG. 2. Expression of the selD gene  in E. coli MBOS. E. coli 
MB08  transformed with both  pGP1-2  and  mutated  pMN340  plasmid 
in M9  medium (22)  supplemented with thiamine (20 pg/ml)  and 18 
amino acids (0.1%, minus methionine and cysteine) were grown a t  
30 “C  to Ahgo = 0.4. Temperature was shifted  to 42 “C for 20 min,  and 
rifampicin was added to a final  concentration of 200 pg/ml and  further 
incubated for 10 min a t  42 “C. Thereafter, the temperature was 
decreased  to 30 “C for 20 min,  and  the cells  were  pulsed with  10 pCi 
of [“”Slmethionine for 5 min a t  room temperature. The cells were 
harvested, resuspended in a disrupting buffer (50 mM Tris-HCI, pH 
6.8, 100 mM DTT, 2% SDS, 0.1% bromphenol blue, 10% glycerol), 
heated to 95 “C for 3 min, and loaded onto 12% SDS-polyacrylamide 
gel. Imze 1 ,  E. coli MB08/pGP1-2/pMN340 (wild type); lane 2, E. coli 
MB08/pGP1-2/pMN340-Cys”; lane 3, E. coli MB08/pGP1-2/ 
pMN340-Cys”; lane 4,  E. coli MB08/pGP1-2/pMN34O-Cys”!’. 
SELD enzyme  was inactivated by a  single mutation at posi- 
tion 17, and  these  results show that  at  least  the CysI7 residue 
of the  protein  plays  an  essential role in  catalysis. 
Expression and Purification of the Mutant   Enzymes-When 
the selD genes were induced in E. coli MB08 by temperature 
shift, inclusion bodies were formed (data not shown). Fur- 
thermore, when the cell lysates prepared with a disrupting 
buffer (50 mM Tris/HCl, pH 6.8, 100 mM DTT, 2% SDS, 
0.1% bromphenol blue, 10% glycerol) were analyzed on an 
SDS-polyacrylamide gel, the  SELD  protein  bands could not 
be  detected by Coomassie Brilliant  Blue  staining. To  circum- 
vent  the  formation of inclusion bodies, the  mutant  enzymes 
were  produced in  the E.  coli BLZl(DE3)  strain  carrying  the 
T 7  polymerase gene under  control of the lacUV5 promoter  in 
the chromosome. In  this  strain,  the  T7  RNA polymerase  gene 
is induced by addition of isopropyl-@-D-thiogalactopyranoside, 
which  in  turn  transcribes  the  target  DNA  controlled by the 
T7 promoter in the plasmid (14). When the BLZl(DE3) 
transformants  carrying  recombinant selD plasmids were in- 
duced by 0.4 mM isopropyl-@-D-thiogalactopyranoside a t  Asso 
= 0.8, the inclusion  bodies were not formed, and  the  SELD 
proteins were produced to  maximum levels within 3  h after 
induction.  Therefore,  these  conditions were used  for 10-liter 
cultures for production of the  mutant enzymes. The  mutant 
SELD  proteins were purified  by the  same procedure used for 
wild type  enzyme  as described under  “Experimental Proce- 
dures.” Identification  and  purity of the isolated proteins were 
confirmed by SDS-polyacrylamide gel electrophoresis. As 
shown  in Fig. 3, the  mutant  proteins were pure  and migrated 
to  the  same  position  as wild type enzyme. 
Enzyme Activities of the Purified Mutant SELD Proteins- 
The  SELD  protein  catalyzes  the  formation of a labile sele- 
nium  donor  compound  and  AMP from  selenide and  ATP (6). 
Therefore, the enzyme activities of mutant SELD proteins 
were monitored by measuring  the  selenide-dependent forma- 
tion of [14C]AMP from [14C]ATP. As shown  in  Table 11, the 
SELD-Cys” protein retained the enzyme activity, whereas 
the other two mutant enzymes, SELD-Cys” and SELD- 
Cys”*”, could not convert ATP to AMP. When either the 
wild type  or  the  mutant enzyme (SELD-Cys”) was  alkylated 
with 5 mM iodoacetamide, the enzymes were completely in- 
activated  (data  not  shown).  These  results  are  consistent with 
those of in vivo complementation tests (Table I) and show 
that  the cysteine residue a t  position  17  is  essential for enzyme 
activity. 
Analysis of Reaction Products by NMR-To compare the 
products  generated by SELD-Cys”  mutant  to  those of wild 
type enzyme, reaction  mixtures were analyzed by ”P NMR 
spectroscopy. As shown  in Fig. 4, the  spectrum showed the 
“P resonances of ATP, of the AMP product, of inorganic 
phosphate  (part of this  originating from orthophosphate in 
the enzyme preparation),  and of a selenophosphate  product 
at 23.2 ppm. These  products  are  the  same  as  those  detected 
by “P NMR spectroscopy in reaction mixtures containing 
wild type enzyme  (6). Thus, like wild type enzyme, the  SELD- 
CYS’~  mutant enzyme in which the  CYS’~ residue is replaced 
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FIG. 3. SDS-polyacrylamide gel electrophoresis of purified 
SELD  proteins. Proteins were prepared  as described  under “Exper- 
imental Procedures.” Samples  are molecular weight standard 
(GIBCO-BRL, high range  marker) (lane I), wild type  SELD  protein 
(lane 2), SELD-Cys”  protein (lane 3), SELD-Cys’!’ protein (lane 4 ) ,  
and SELD-Cys”.’!’protein (lane 5) .  12% SDS-polyacrylamide gel was 
used, and  the gel was stained for proteins with Coomassie Brilliant 
Blue. 
TABLE I1
Enzyme actioities of the  mutant SELD enzymes 
Reaction  mixtures (0.1 ml)  containing 0.1 M Tricine/KOH,  pH 7.2, 
1.5 mM ATP, 3 mM MgCI,, 1.5 mM NaSeH, 2 mM DTT,  and 3.8 pM 
purified SELD enzyme were incubated a t  37 “C for 20 min. 
Enzymes ATP converted to AMP 
% 
SELD wild 6.1 
SELD-Cys” 0 
SELD-Cys” 7.6 
SELD-Cys”.’!‘ 0 
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FIG. 4. 31P NMR spectrum of reaction mixture containing NaSeH. To detect the products of the reaction catalyzed by the SELD- 
Cys" enzyme, incubation was carried out in an  NMR sample tube under argon at 37 'C for 2 h. The reaction mixture (3  ml) contained 100 
mM Tricine/KOH (pH 7.2), 2 mM DTT, 1.5 mM ATP, 3 mM MgCl,,  11.7 p M  SELD-Cys" enzyme, and 1.5 mM NaSeH (generated by reducing 
Na2SeOs with DTT before addition to  the mixture).  Spectra were obtained at 4.7 tesla with a sweep width of 10,000 Hz and  a sampling block 
size of 4096 data  points. The selenophosphate (Sei') produces a single resonance at +23.2 ppm relative to 85% phosphoric acid. 
with serine catalyzes the production of AMP  and selenophos- 
phate from ATP and selenide. 
ATP-binding Properties of the Mutant  SELD Enzymes-It 
has been reported that many, but  not  all,  proteins  that  bind 
to ATP or GTP contain a glycine-rich phosphate-binding 
loop, Gly-X-X-X-X-Gly-Lys-(Ser/Thr), near the N termini 
of proteins (10-13). In  the E. coli SELD enzyme, a sequence 
that may be a phosphate-binding loop is located in the N 
terminus region. Cyd7  and Cys" also are contained in this 
sequence, -Gly-Ala-Gly-Cys'7-Gly-Cys'g-Lys-. Therefore, it 
was important to determine whether the two mutant enzymes, 
SELD-CysI7 and SELD-C~S'"~'~, had  lost  their activities be- 
cause of failure to bind ATP. For  this purpose, we carried out 
ATP-agarose affinity chromatography of the  mutant proteins. 
The proteins were desalted by passage through  a Sephadex 
G-25 column prior to ATP-agarose affinity chromatography. 
After application of the desalted protein, the column was 
washed with 10 volumes of Tricine buffer, pH 7.2, and  then 
the absorbed protein was eluted with the same buffer contain- 
ing 10 mM ATP. Each fraction was monitored by measuring 
the absorbance at 280 nm, and  the proteins  in the fractions 
were confirmed by SDS-polyacrylamide gel electrophoresis. 
In these experiments, it was found that  the wild type enzyme 
and  the  three  mutant proteins showed identical elution  pro- 
files (data not shown). Since 10 mM ATP was required for 
elution of the  mutant proteins,  as well as  the wild type enzyme 
from the ATP-affinity column, all of the  mutant SELD en- 
zymes,  SELD-Cys", SELD-Cys",and S E L D - C ~ S ' ~ . ' ~ , ~ ~ ~  able 
to bind to ATP. These results indicate that the essential 
cysteine residue at position 17 may  be  involved in a process 
other than ATP binding. 
Number of Sulfhydryl Groups in the Mutant Enzymes-It 
could not be excluded that Cys" might form a disulfide bond 
with a cysteine residue other than  Cydg in the molecule and, 
if this occurred, mutation at  Cyd7 might result in a confor- 
mational change of the enzyme. In order to check this possi- 
bility, we determined the number of "SH groups in the wild 
type and  mutant proteins  denatured with 6 M guanidine HCl 
before and  after reduction with potassium borohydride. After 
reaction with 5,5'-dithiobis(2-nitrobenzoic acid) reagent, the 
absorbances of reaction mixtures were determined at 412 nm. 
The results  are presented in  Table 111. The number of -SH 
groups in all four proteins, after reduction with potassium 
borohydride, was the same as in the nonreduced proteins,  and 
the values are in agreement with those predicted from the 
gene sequence. Thus,  there  are no disulfide bonds in either 
wild type or mutant proteins. Furthermore, when the  mutant 
proteins were subjected to electrophoresis on SDS-polyacryl- 
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TABLE I11 
Number of sulfhydryl groups of the SELD proteins 
No. of ”SH groups 
of -SH groupsa Denatured,  Denatured, 
Theoretical no. 
nonreducedb reduced’ 
SELD wild 7 6.2  6.8 
SELD-Cys”  6 5.3 5.7 
Theoretical  number was based on the DNA sequence of the seZD 
gene  (3). 
* Proteins were denatured with  6 M guanidine.  HCl, and  the reac- 
tion was performed according to  the method described by Ellman 
(18). For calculation of “SH groups, the  net absorbance at  412 nm 
was employed with  a molar absorptivity of 13,600 M” cm-’. 
E Potassium borohydride (KBH,) was used for reduction, and  the 
reaction was performed by the method described by Cavallini et al. 
(19). A molar absorptivity of 12,000 M-’ cm” was used for calculating 
the ”SH number. 
SELD-Cys”  6 5.5 5.8 
S E L D - C ~ S ’ ~ ~ ’ ~  5 4.8  4.7 
amide gels in the absence of ,8-mercaptoethanol, the migration 
rates were the same as  that of wild type. Since the  intrachain 
disulfide bonds of single-chain proteins can hold them in 
compact configurations, some SDS-proteins migrate faster 
electrophoretically in  the absence of P-mercaptoethanol than 
when in  the extended structures brought  on by reduction (23). 
The migration patterns of the  mutant proteins, however, were 
almost identical with the wild type  on native polyacrylamide 
gel. These  results suggest that  the losses of activity observed 
for  the SELD-Cys17 enzyme and  the SELD-Cys17.19 enzyme 
were not merely due to conformational changes. The original 
hypothesis that  the Cys17 and Cys” residues of the native 
protein might be linked by a disulfide bridge that could be 
attacked by selenide to give a selenosulfide intermediate is 
disproved by these  studies. 
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Biochemical  Analysis of Escherichia coli Selenophosphate 
Synthetase  Mutants 
LYSINE 20 IS ESSENTIAL FOR CATALYTIC ACTIVITY AND CYSTEINE 17/19 FOR 8-AZIDO-ATP 
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A labile  selenium  donor  compound,  selenophosphate, 
is formed from selenide and ATP by selenophosphate 
synthetase. A cysteine residue (Cys-17)  that is essential 
for catalytic activity of the enzyme  (Kim, I. Y., Veres, Z., 
and Stadtman, T. C. (1992) J. BioZ. Chern. 267, 19650- 
19654) is located in a glycine-rich segment  near the N 
terminus  of the protein. The possibility  that his peptide 
sequence (HGAGCGCK) defines the ATP-binding site of 
the enzyme, as does a  conserved ATP or GTP binding 
sequence (GXXXXGKS/T) found in several other pro- 
teins, was tested by site-specific mutagenesis. Thus 
His-13  and  Gly-18  were  changed to Asn and Val, respec- 
tively,  and  Lys-20 to Arg  or  Gln.  Catalytic activity was 
markedly  decreased by mutation of Lys-20 to Arg and 
abolished by mutation of  Lys-20 to Gln.  The mutation of 
Cys-19  and  His-13  did  not  substantially  alter the ATP K, 
and V, values,  whereas the Gly-18  mutation  resulted 
in a  4-fold  increase  in the ATP K ,  value  compared  with 
that of the wild  type. ATP binding  properties  of the mu- 
tant enzymes were determined using MII-[~~P]ATP or
Mn-[l4C1ATP and gel filtration.  Photoaffinity  labeling of 
the proteins with [y-s2P]8-azido-ATP  showed  that all mu- 
tant  enzymes  could  be  labeled  with  the ATP analog ex- 
cept  those  in  which  Cys-17  or  Cys-19  were  replaced with 
serine. 
It has been demonstrated that at least  four  genes,  including 
selA,  selB,  selC, and selD, are  required  for  insertion of seleno- 
cysteine into selenium-dependent formate dehydrogenase in 
Escherichia coli (1, 2). The selD gene product  (3)  forms a dif- 
fusible selenium derivative from selenide and ATP, and this 
compound  is  required  for  conversion of 2,3-aminoacrylyl- 
tRNA& to selenocysteyl-tRNA& by selenocysteine synthe- 
tase (4, 5). 31P NMR spectroscopic studies showed that this 
selenium  derivative  is  selenophosphate, an oxygen-labile com- 
pound  containing  selenium  bonded  directly  to  phosphorus (6). 
Furthermore, it was  shown that this  reactive  selenium com- 
pound is required for conversion of 5-methylaminomethyl-2- 
thiouridine  (mnm5S2U)  residues in the anticodons of certain 
tRNAs to 5-methylaminomethyl-2-selenouridine (mnm5Se2U) 
(6-8). Thus the selenophosphate formed by selenophosphate 
* The costs of publication of this article were  defrayed in part by the 
“aduertisernent” in accordance with 18 U.S.C. Section 1734 solely to  
payment of page charges. This article must therefore be hereby marked 
indicate this fact. 
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synthetase  can  react  with  various  types of activated  receptor 
molecules involving selenium addition or replacement pro- 
cesses. 
An Escherichia coli mutant unable to synthesize formate 
dehydrogenases  (9)  and  also  lacking  seleno-tRNAs  was  shown 
to  have a defective selD gene (1). A Salmonella  typhimurium 
mutant  with the same  phenotype has a defective gene origi- 
nally  designated seZAl that maps at about  21  minutes  on the 
Salmonella chromosome (10). The selD gene located at 38 
minutes  on  the E. coli chromosome  was  shown  to be comple- 
mentary to the Salmonella mutation, indicating functional 
identity of the seZAl and selD genes (11). As deduced  from the 
sequence of the cloned E. coli  selD gene (3) a 37-kDa  protein 
composed of 347  amino  acids  is the product. Two of the  seven 
cysteine residues present in this protein are located in the 
amino-terminal region, and it was  shown by Kim et al. (12) 
that the cysteine 17 residue is essential for selenophosphate 
synthetase  activity.  The  amino  acid  sequence of this  NH2-ter- 
minal  region, -His’3-Gly-Ala-Gly-Cys-Gly-Cys-Lys-Ile-, is simi- 
lar  to a conserved  glycine-rich  sequence, Gly-X-X-X-X-Gly-Lys- 
(Sermhr), located in many ATP-binding proteins (13-16). In 
the present  report  we  describe  additional  amino  acid  substitu- 
tions in this region  using  site-specific  mutagenesis. The effects 
of these changes on enzyme activity, divalent metal ion re- 
quirements, ATP binding  properties, and reactivity  with 
azido-ATP are reported. 
EXPERIMENTAL PROCEDURES 
Materials-T4 DNA ligase and Taq  DNA polymerase  were  from  Life 
Technologies, Inc. Restriction enzymes  were purchased from  New Eng- 
land Biolabs. Modified  T7  DNA polymerase (Sequenase) was from 
United States Biochemical  Corp.  Ia-36SldATP  (1,304  Ci/mmol), 
~-[~~Slmethionine (1,200 Ci/mmol), and [8-l4C1ATP (44.9 mCi/mmol) 
were purchased from DuPont NEN.  [y-32P18-Azido-ATP (12.8 Ci/mmol) 
was purchased from  ICN.  Cellulose polyethyleneimine-F plastic-backed 
TLC sheets were purchased from J .  T. Baker, and ATP-agarose ALD was 
from Life Technologies, Inc. Antibiotics, ampicillin, kanamycin, and 
rifampicin, were from Sigma. All other reagents were of the highest 
grade available. 
Bacterial Strains and Plasmids-E.  coli DH5a was  used  for plasmid 
DNA amplification, and competent cells of this strain were purchased 
from Life  Technologies, Inc. E. coli strain MB08  (11, a selD mutant, was 
used as the host strain for determination of selenophosphate synthetase 
activity. E. coli BL21(DE3) carrying a T7 polymerase  gene under the 
control of the lacUV5 promoter in the chromosome (17) was  used as a 
host for  production of selenophosphate synthetase. 
Plasmid pGP1-2 carrying the kanamycin resistance gene and the 
heat-inducible T7 polymerase gene (18) and plasmid pMN340 were 
cotransformed into E. coli strain MB08  for expression of the selD gene. 
Plasmid pMN340 carrying the ampicillin resistance gene and seZD gene 
behind the T7  promoter (3), which  was  used as a selD gene  source, was 
a gift  from A. Bock (University of Munchen, Miinchen, Germany). 
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Site-specific  Mutagenesis and Construction of the Recombinant  Plus- 
mids-In order to change Gly-18 and Lys-20, site-specific mutagenesis 
of the  E. coli selD gene was performed using the polymerase chain 
reaction  (PCR)'  technique as described  previously  (12).  The DNA se- 
quences of PCR  primers  for  mutagenesis  were: G18V (Gly-18 -f Val- 
18): 5'-CAATACAGCCACGGAGCTGGTTGCGTCTGTAAAA"TCC-3'; ~ 
K2OR (Lys-20 "-f Arg-20): 5'-CAATACAGCCACGGAGCTGGTTGCGGCGC- 
TGTAGAATTTCC-3'; K20Q (Lys-20 - Gln-20): 5'-CAATACAGCCAC- 
GGAGCTGGTTGCGGCTGTCACC-3 ' ,  in which the bold letters 
indicate the mismatches and the underlines indicate restriction en- 
zyme,  BstXI,  recognition  sites.  The DNA sequence of the  internal PCR 
primer  was 5'-AATACCCGCCTGACGACATGCATAGCGTCCACCTT- 
CGGT-3', where the double underlines indicate restriction enzyme, 
Nsil,  recognition  site. All of the oligonucleotides used  in  this  study  were 
synthesized on an  AB1 380A DNA synthesizer in  this laboratory. 
The PCR reaction  was  performed in a  Perkin-Elmer  Cetus  thermal 
cycler. The  reactions for amplification of mutant DNAs were  performed 
as follows: denaturation at 94 "C for 1 min,  hybridization at  55 "C for 1 
min,  and  chain  polymerization at  72 "C for  2  min.  The  reactions  were 
allowed to proceed for 35 cycles, and  the  reaction  was  linked  to  a  final 
polymerization  step of 15  min  at 72 "C. The  370  base  pairs of amplified 
DNA was  analyzed on a 1.5% agarose gel and  then  digested  with two 
restriction  enzymes,  BstXI  and NsiI. 
The  digested PCR products  were  eluted  from  a 1.5% agarose  gel  and 
ligated  with  a  3.0-kilobase  pair  BstWNsiI-digested pMN340 DNAfrag- 
ment.  The  ligation  mixtures  were  transformed  into E.  coli DH5a.  The 
mutations  in  the selD  gene  were  confirmed by the dideoxy-chain  termi- 
nation  method of Sanger  et al. (19) modified for use  with modified T7 
DNA polymerase  (Sequenase,  United  States Biochemical Corp). 
In  case of His-13  to Asn mutation,  the  restriction  enzyme,  BstXI,  site 
was removed by the  mutation.  Therefore,  a  franking  primer comple- 
mentary  to  the  multicloning  site  sequence of the vector was  used for 
PCR reaction  as  described  in  Fig. 1. The DNA sequence of the  franking 
primer  (primer 3 in Fig. 1) was 5'-ACCAGCTCCGTTGCTGTATTG-3', 
in which  restriction  sites, SalI, AccI, HincII,  and  BamHI,  are  located. 
The DNA sequence of the  mutagenic  primer  (primer 1 in  Fig. 1) was 
5'-CAATACAGCAACGGAGCTGGT-3', in which the bold letter indi- 
cates  the  mismatched  site.  The  complementary  sequence of the  primer 
1 was  used as  primer  2,  and  the  internal  primer  described above was 
used as primer 4. The PCR reaction  was  carried  out as described above. 
After PCR reaction,  the  product DNA was  digested  with  BamHI  and 
NsiI,  and  then  ligated  with  BamHI-NsiI  double-digested pMN340. 
Purification of Selenophosphate  Synthetase-Purification of mutant 
enzymes from E. coli BL2UDE3)  transformed  with  a  plasmid  contain- 
ing  the  mutated  selD  gene  was  performed as described  previously  (12). 
The  isolated  proteins  were  monitored for punty by electrophoresis on 
SDS-polyacrylamide  gels. 
(100 pl) contained 100 m~ TricineKOH, pH 7.2, 2 m~ D m ,  1.5 m~ 
Selenophosphate Synthetase Activity Assay-The reaction mixture 
[8-14C1ATP (0.25 pCi; 1 Ci = 37  GBq), 1.5 m~ NaSeH,  3 m~ MgCl,, and 
an appropriate amount of enzyme. The NaSeH was prepared as de- 
scribed by Veres et al. (6). For  kinetic  experiments,  reaction  times  were 
chosen to  allow conversion of no more than 1.5% of the ATP to AMP. 
Incubations  were  carried  out at 37 "C under  argon.  The  reactions  were 
terminated by addition of HClO,, and  the  supernatant  solutions  were 
neutralized  with KOH and  potassium  carbonate  as  described  previously 
(20). Aliquots (5-15 pl) of samples  after  sedimentation of potassium 
perchlorate  were  chromatographed on polyethyleneimine-cellulose 
thin-layer  sheets developed in 1.0 M LiCl. The AMP spots,  detected by 
UV quenching,  were  cut  out  and  scraped  into  vials,  and  the  radioactiv- 
ity  was  measured by liquid  scintillation spectroscopy. 
Binding of Mn-ATP to Enzymes-The reaction  mixtures  (80  pl) con- 
taining  100 m~ Tricine.KOH, pH 7.2, 0.5 m~ DIT,  2 m~ MnCl,, 0.5 mM 
['*C or 3zPlATP (1.2 pCi), and 34 p~ selenophosphate  synthetase  were 
incubated a t  23 "C for 10 min.  The whole reaction  mixture  was then 
applied  to  a  Sephadex G-25 column (0.7 x 14  cm)  pre-equilibrated  with 
100 m Tricine,  pH 7.2, buffer  containing 0.5 mM DTT and 2 mM MnC1, 
a t  4 "C. The flow rate was 0.25 mumin, and 0.5-min fractions were 
collected. The radioactivity of the fractions was measured by liquid 
scintillation spectroscopy, and  the  protein  concentration  was  measured 
using  the Bio-Rad protein  assay.The  amount of radioactive ATP in  the 
protein  peak  fractions  is  termed "Mn-ATP bound." 
Photolabeling of Enzyme  with 8-Azido-ATP-The reaction  mixtures, 
20  pl,  in 1.5-ml microcentrifuge  tubes  contained  100 m~ Tricine.KOH, 
The  abbreviations  used  are:  PCR,  polymerase  chain  reaction; DTT, 
dithiothreitol; PAGE, polyacrylamide  gel  electrophoresis; %cine, N-[2- 
hydroxy-1,l-bis(hydroxymethyl)ethyl]glycine. 
Selenophosphate  Synthetase  Activity 
Primer 3 Primer 1 - -
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FIG. 1. Schematic illustration of site-specific mutagenesis Of 
selD gene. 
Complementation of the  selD  mutation of E. coli MB08 by the mutated 
TABLE I 
E. coli selD  genes 
Transformed E. coli MB08 strains were  grown  in  Luria  broth  contain- 
ing 0.5% glucose a t  30 "C to A,,, = 0.8  and  then  the  temperature  was 
increased to 42 "C for 20 min. Thereafter, the temperature was de- 
creased  to  30 "C for  overnight  growth. 
Plasmid inserted Gas evolved" Ref. 
In this study 
In this study 
12 
12 
12 
In this study 
In  this  study 
In  this  study 
In this study 
a Gas evolved is H, produced by an active  formate  dehydrogenase- 
hydrogenase complex (21). 
pH 7.2, various  concentrations of protein  and  8-a~ido-[y-~~PlATP. On 
ice, the reaction  mixture  was  irradiated at 254 nm a t  a  distance of 3 cm 
from the bottom of the reaction  tube for 3 min  in  the absence of visible 
light.  The  reaction  was  quenched by the addition of DTT and  the  labeled 
proteins  were  detected following SDS-12% polyacrylamide  gel  electro- 
phoresis. Prior to photolabeling, DTT was removed from the protein 
solution by Sephadex G-25 gel filtration. 
RESULTS 
Site-specific Mutagenesis and Biological Activities of Mu- 
tated  selD Genes-As shown earlier a cysteine residue at  posi- 
tion 17  in  the selD gene product is  essential for selenophos- 
phate  synthetase activity whereas  mutation of cysteine 19  had 
no effect on enzyme  activity  (12).  Based on the resemblance of 
the deduced amino acid sequence of this region of the protein 
(-13His-Gly-Ala-Gly-Cys-Gly-Cys-Lys-) to a glycine-rich phos- 
phate binding loop, Gly-X-X-X-X-Gly-Lys-(Ser/"hr), found near 
the N termini of certain ATP or GTP-binding proteins (13-161, 
additional amino acid residues  in  this sequence were changed 
by site-specific mutagenesis  in  order  to locate  those essential 
for enzyme activity and/or ATP binding. Thus His-13 and 
Gly-18 were changed to Asn and Val, respectively, and Lys-20 to 
Arg and to Gln as described under "Experimental  Procedures." 
The  resulting recombinant  plasmids  containing mutated selD 
genes, His-13 + Asn-13, Gly-18 - Val-18, Lys-20 + Arg-20, 
and Lys-20 - Gln-20 were  constructed and designated 
pMN340-H13N, pMN340-G18V, pMN340-K20R, and pMN340- 
K20Q, respectively. The sequences of these  mutated selD genes 
were confirmed by  DNA sequencing. 
To test  the activities of these  mutated selD genes in vivo, 
the E. coli selD mutant strain MB08 (1, 9) which can be 
complemented by an active selD gene (11) was cotransformed 
with recombinant plasmids containing a mutated selD gene 
and plasmid pGP1-2. Plasmid pGPI-2 carrying  the T7 polymer- 
ase gene  was  necessary for expression of the selD gene  since 
the  latter is under  the control of the T7 polymerase  promoter 
in  the pMN340 plasmid. Synthesis of the wild type selD gene 
product restores  the ability of E. coli MB08 to produce an ac- 
tive formate dehydrogenase-hydrogenase complex which is de- 
tected by gas production during anaerobic  growth on glucose 
(21). As determined by this assay, an inactive selD gene re- 
sulted from the lysine to  glutamine  mutation  but  not from the 
lysine to  arginine  mutation (Table I). In  agreement  with  the 
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earlier study, the plasmid  lacking the selD gene and  the con- 
structs  in which Cys-17 was  replaced  with serine also failed to 
complement the mutation, whereas Cys-19 replacement had 
no effect. As judged by this assay, mutation of His-13 to aspar- 
agine or Gly-18 to valine did not inactivate the selD gene 
product.  Although the K 2 O Q  mutated gene could not comple- 
ment  the selD mutant MB08 strain,  it was found by  r3?3]me- 
thionine labeling experiments  that cells transformed with 
pMN340-K20Q synthesized protein of the expected size as 
was the case for the other transformants (data not shown). 
Thus from these  results it can be concluded that Lys-20 is im- 
portant for catalytic activity of selenophosphate synthetase. 
Although no effect of replacement of lysine with  another basic 
amino acid, arginine, was  detected  using the in vivo gas pro- 
duction  assay, the isolated  arginine-containing mutant protein 
exhibited very low catalytic activity in vitro (see  later).  Pre- 
sumably  the  amount of this low activity  selenophosphate  syn- 
thetase produced in the plasmid-containing MB08 mutant 
strain was still  adequate for normal selenocysteine  incorpora- 
tion into  formate dehydrogenase. 
Enzyme Activities of the Purified  Mutant Proteins-For pu- 
rification and study of the mutant proteins, E. coli strain 
BL21(DE3) transformed  with plasmid pMN340 containing the 
various mutated  genes  was  cultured  in 10-liter lots. Expression 
of the gene was induced by addition of isopropyl-1-thio-/3-o- 
galactopyranoside to  the growth  medium. Cells were harvested 
and  the  proteins were extracted  and purified as described  pre- 
viously (12). Enzyme activities of wild type and  mutant pro- 
teins were monitored by measuring  the selenide-dependent for- 
mation of [14ClAMP from [l4C1ATP (6,121. As shown in Table 11, 
the H13N protein retained full  enzyme  activity but  the G18V 
protein  was only about 30% as active as wild type. In  contrast 
to  the  results of the in vivo assay, mutation of Lys-20 to  argi- 
nine (K20R) markedly  decreased catalytic activity of the  en- 
zyme. Replacement of Lys-20 with a neutral amino acid ( K 2 O Q )  
completely abolished enzyme activity. These results clearly 
show that  the lysine residue at position 20 is important for 
selenophosphate synthetase activity. As shown previously the 
nearby cysteine residue (Cys-17)  also is  essential for catalytic 
activity  (12). 
As a more accurate  assessment of the activities of the various 
mutant enzymes their K,,, values for ATP and V, values were 
determined.  Mutation of His-13 and Cys-19 had no effect on 
either K, or V,, whereas Gly-18 substitution with valine 
(G18V) resulted  in a 4-fold increase  in  the ATP K,,, value  as 
compared  with wild type enzyme (Table 111). The activity of the 
K20R mutant was too low to compare. 
ATP Binding Properties of Mutant Enzymes-A purification 
step designed earlier  (6,12)  that exploited the selective  absorp- 
tion of selenophosphate synthetase  to  an ATP-agarose affinity 
matrix  was employed to compare the  relative ATP-binding ac- 
tivities of the  mutant enzymes. In each  case the protein that 
TABLE I1 
Comparison of wild type and  mutant  enzyme  activity 
m ATP, 3 m MgCI2, 1.5 mM NaSeH, 2 m DTT, and 3 w purified 
Reaction mixtures (0.1 ml)  containing 0.1 M Tricine.KOH, pH 7.2, 1.5 
enzyme were incubated at 37 "C for 20 min under argon. 
Enzyme  Relative  activity 
% 
Wild type  100 
Cys-17 mutant 0 
Cys-19 mutant 100 
Cys-17,19 mutant 0 
H13N mutant 100 
Gl8V  mutant - 30 
K20R mutant Trace 
K20Q mutant 0 
TWLE 111 
Enzyme  kinetics of wild  type  and  mutant  enzymes 
Reaction mixtures  (0.1 ml) containing  0.1 M Tricine.KOH, pH 7.2, 
MgC12:ATP at 2:l  molar ratio for the various ATP concentrations (0.2- 
2.0 m), 1.5 m NaSeH,  2 nm DTT, and purified enzyme (1 w) were 
incubated a t  37 "C for 10 min  under argon. 
Enzyme K, for ATP V,.U 
mM 
Wild type 0.9 77 
Cys-19 mutant 1.2 67 
G18V mutant 4.0 70 
H13N mutant 1.4 71 
nmollminlrngprotein 
TABLE IV 
Mn-ATP binding of wild  type  and  mutant  enzymes 
sieve chromatography  using [s2PlATP or [l4C1ATP as  described under 
The  amount of ligand bound to  enzyme  was  detected by molecular 
"Experimental Procedures." 
Enzyme Mn-ATP binding  Catalytic activity 
nmol Mn-ATP bound 
per nmoI enzyme 
Wild type 0.62" + 
Cys-17 mutant 0.65 - 
Cys-19 mutant 0.54 + 
Cys-17,19 mutant 0.23 - 
H13N mutant 0.46 + 
G18V mutant 0.26 + 
K20R mutant 0.11 
K 2 O Q  mutant 0.10 
" This  value was 0.008 when Mg-ATP was  used. 
"race - 
o'201\ 0.18 ::::c:\ 
0.16 - 
0.14 - 
0.12 0.10 - \LO\[, 
0.00 0.50 1.00 1.50 2.00 
::::I , , , \ , 1 o----" 0.10 
[S-azido-AVJ(mM) 
FIG. 2. Inhibition of wild type selenophosphate synthetase ac- 
tivity by  8-azido-ATP. Reaction mixtures containing 100 m 
Tricine.KOH, pH 7.2, 4 m MgCI,, 2 m DTT, 2 m [l4C1ATP, 1.5 m 
NaSeH, the indicated amounts of 8-azido-ATP and 5 enzyme were 
incubated a t  37 "C for 25 min under argon in  the absence of light. 
was eluted from the ATP-afflnity column in  the expected posi- 
tion was confirmed by SDS-PAGE analysis. Since ATP was 
required for elution of both wild type  and  mutant  proteins from 
the ATP-affinity matrix, none of the  various  amino acid substi- 
tutions excluded ATP binding to the enzyme. 
For a  more sensitive method of estimating  the relative af- 
finities of the  mutant enzymes for ATP  we used Mn-ATP which 
in some instances binds much more tightly  to enzymes than 
Mg-ATP. As shown in Table IV, about 0.6 molar equivalent of 
Mn-ATP remained bound to  the wild type enzyme following 
molecular sieve chromatography on Sephadex-G25, whereas 
under  the  same conditions less  than  0.01 molar equivalent of 
Mg-ATP was retained.  Under  these conditions the  amount of 
radioactive Mn-ATP retained by the catalytically  inactive 
Lys-20 mutants was considerably less than that remaining 
with the  other enzyme forms. The  inactive Cys-17 mutant  re- 
tained  the  same  amount of Mn-ATP as wild type. 
Reactivity of Wild Dpe  and  Mutant Enzymes with  Azido-ATP 
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-The  ATP analog, 8-azido-ATP, has been shown to be useful 
as a photoaffinity reagent  in  the  analysis of the ATP-binding 
site of a number of ATP-dependent enzymes (22-24). To deter- 
mine the effect of 8-azido-ATP on selenophosphate synthetase 
activity  prior to photoactivation, increasing concentrations of 
the  analog were  added to reaction mixtures  containing 2 mM 
[l4C1ATP as substrate. No cleavage product of 8-azido-ATP 
I I + 0 . 0 m M  
A 0.5 mM 
A 2.0 m M  
- 1  0 1 2 3 4 
l/[ATP](mM") 
b) 
5 
0.2 mM 
0.4 mM 
0.5 mM 
0.8 mM 
1.0 mM 
2.0 mM 
-1.50 -1.00 -0.50 0.00 0.50 1.00 1.50 2.00 
[8-AZIDO-ATP](mM) 
FIG. 3. Competitive  inhibition  by  &azido-ATP. Reaction  mixtures 
containing 100 m~ Tricine.KOH, pH 7.2, 2 mM D m ,  1.5 m~ NaSeH, 1 
p~ enzyme, [l4C1ATP, the indicated  concentrations of 8-azido-ATP and 
MgC12 in a 2:1 molar  ratio over ATP plus 8-azido-ATP were  incubated a t  
37 "C for 10  min  under  argon  in  the  absence of light. a, Lineweaver- 
Burk plot of the 8-azido-ATP inhibition; b, Dixon plot of the  data. 
was detectable. As shown in Fig. 2, there was a progressive 
decrease  in amount of labeled AMP formed from labeled ATP 
and at equimolar  concentrations of the two nucleotides there 
was an approximately 50% decrease, indicating competitive 
inhibition by the azido-ATP derivative. This  was confirmed by 
a Lineweaver-Burk plot of enzyme activity in  the presence of 
various  concentrations of 8-azido-ATP (Fig. 3a) .  From the 
Dixon plot (Fig. 36)  a K; value for 8-azido-ATP of 0.95 mM was 
calculated, and  this  value  is consistent with the K,,, value of 
0.9 mM for ATP (Table 111). Based on this evidence that  the 
ATP-binding site can be occupied by 8-azido-ATP, enzyme 
preparations were subjected to UV irradiation  in  the presence 
of [y-"P18-azido-ATP in order to produce covalently labeled 
enzyme. Using the procedure described under "Experimental 
Procedures," both wild type and  mutant enzymes were tested. 
The  amount of radioactivity incorporated into  the two cysteine 
mutants, Cys-17 and Cys-19, was very low and labeling of the 
double Cys-17,19 mutant was not  detectable (Fig. 4). These  re- 
sults suggest that covalent modification of cysteine  residues  in 
wild type enzyme and the other labeled mutants occurred. 
The effective labeling of the K20Q mutant indicates that a ba- 
sic amino acid in this position is not essential for 8-azido-ATP 
binding to  the protein. 
Effects ofNucleotides  on Selenophosphate Synthetase  Activity 
-The synthesis of selenophosphate from ATP and selenide is 
accompanied by the formation ofAMP and orthophosphate (Re- 
action 1). 
ATP + -SeH --f SeP + P, + AMP 
REACTION 1 
Previously Veres et al. (6) reported that  the addition ofAMP, 
a product of the reaction,  was  inhibitory whereas ADP had no 
significant effect. To determine  whether  other nucleotide tri- 
phosphates could substitute for ATP as substrate the other 
common purine  and pyrimidine triphosphates were tested. As 
shown in Table V, little or no conversion of  GTP,  CTP, or UTP to 
the corresponding mononucleotide was  detected. Furthermore, 
addition of equal  concentrations of these nucleotide mono- or 
triphosphates  to ATP-containing reaction mixtures  had no  ef- 
fect on enzyme activity (Table VI). Thus selenophosphate syn- 
thetase is an ATP-specific enzyme, and the other common 
nucleotide triphosphates  have  little affinity for the active site of 
the enzyme under  the  assay conditions employed. 
Effects of Metal Ions on Selenophosphate Synthetase  Activity 
-Magnesium chloride, shown previously (6) to be required for 
the selenide-dependent conversion of ATP to AMP is not re- 
placeable with Mn2+ or Co2+ (Table VII). However, addition of 
FIG. 4. Photolabeling of enzymes  with 8-azid0-[y-~~P]ATP. Photolabeling  was  carried  out as  described under  "Experimental Procedures" 
with 7.2 PM 8-azido-[y-"P]ATP (12.8 Ci/mmol) and  2 p~ enzyme in a total volume of 20 pl. After UV irradiation for 3 min, the reaction  was quenched 
by the  addition of excess D m .  Samples  were  analyzed by SDS-PAGE using 12% gels. "P-Labeled proteins  were  identified by autoradiography. a, 
when  photolabeling  was performed in  the presence  ofATP  substrate,  the  labeling  was decreased by increasing ATP concentration (data not  shown). 
autoradiogram of the gel; b, the gel stained  with Coomassie Blue.  When the  proteins were  not  irradiated by UV, no stable  labeling occurred, and 
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TABLE V 
Comparison of nucleotide triphosphate (NTP) as substrate for 
selenophosphate synthetase 
Reaction  mixture  containing  0.1  M  Tricine,KOH,  pH 7.2, 2 m~ D m ,  
3 m~ MgCl,, 1.5 m~ NTP, 1.5 m~ NaSeH,  and  4 1.1~ selenophosphate 
synthetase  was  incubated at 37 "C under  argon. Reaction time for ATP 
was 15 min  and  other  NTPs  30  min. 
NTP NTP  converted to NMP 
ATP 
CTP 
GTP 
UTP 
6.9 
% 
0.5 
0.2 
0.0 
TABLE VI 
Effects of additional nucleotide supplements on enzyme  activity 
containing  100 m~ Tricine.KOH,  pH  7.2,2 m~ DTT, 4 m~ MgCl,, 2 m~ 
Each nucleotide (2 m ~ )  was added to a standard reaction mixture 
ATP, 1.5 m~ NaSeH, and 10 1.1~ wild type enzyme. The mixture was 
incubated a t  37 "C for 20 min  under  argon. 
Nucleotide ATP converted to AMP 
Control  9.6 
% 
CTP 
GTP 
9.2 
UTP 
9.5 
ITP 
9.0 
CMP 
9.0 
GMP 
9.9 
9.5 
UMP 9.4 
IMP 
AMP 
8.9 
3.8 
TABLE VI1 
Effects of divalent metal ions on selenophosphate synthetase activity 
Reaction  mixture  containing  100 IIIM Tricine.KOH,  pH 7.2,2 m~ D m ,  
3 m~ MeC12, 1.5 m~ ATP, 1.5 m~ NaSeH,  and  2 p~ wild type  enzyme 
was  incubated at 37 "C for  30  min  under  argon. 
Metal ATP converted to AMP 
MgC12 
MnCl, 
COCI, 
6.6 
% 
0.2 
0.0 
Mn2+ to reaction mixtures containing 3 mM M$+ and 1.5 mM 
ATP is inhibitory, particularly at concentrations of  0.1 mM and 
above (Table VIII). Much lower levels of Zn2+ added in the 
presence of Mgz' caused marked inhibition, and at 4 PM Zn2+ 
50% inhibition  was observed. As shown earlier (6) ,  a Mg2+ to 
ATP ratio of about 2:l is optimum under  the  assay conditions 
used and serious inhibition by Mg2+ is observed only when 
ratios are as high as 1O:l .  The marked inhibitory effect of 
ZnSO, undoubtedly is due to the zinc ion and not the  sulfate 
anion as addition of 20 mM ammonium sulfate  has no effect on 
the reaction (6). In  similar  experiments  to th se shown in Table 
VIII, no inhibition  was observed when ea2+, 100 p ~ ,  or Cu2+or 
Fe2+  (up  to 10 p~ each)  was added to reaction mixtures con- 
taining optimum Mg2+ levels (data  not shown). 
Catalytic Activities of Mixtures of Active and Inactive Forms 
of Selenophosphate Synthetase-As isolated, native selenophos- 
phate  synthetase  behaves as a monomer of the expected mo- 
lecular size, but  the catalytically  active species has not been 
characterized. The availability of active and  mutant  catalyti- 
cally inactive  forms of selenophosphate synthetase  made it pos- 
sible to determine whether the addition of inactive enzyme 
subunits could influence the  catalytic activity of the active form 
of the enzyme. In  these  experiments  the effects of addition of 1-, 
2-, and %fold molar excess of mutant to wild type enzyme 
TABLE VI11 
Inhibition of selenophosphate synthetase  activity by 
manganese and zinc 
Reaction mixtures containing 100 m~ Tricine.KOH, pH 7.2, 2 IIIM 
Dl", 3 m~ MgCl,, 1.5 m~ ATP, 1.5 m~ NaSeH,  2 PM wild type  enzyme, 
and  various  concentrations of added MnCl, or ZnSO, were  incubated at 
37 "C for 20  min  under  argon. 
Metal  Concentration ATP converted to AMP 
MnCI, 
w 
0 
1 
10 
100 
300 
1,500 
ZnSO, 0 
1 
2 
4 
6 
8 
10 
~- 
4.8 
% 
4.0 
3.9 
1.6 
0.6 
0.2 
5.4 
4.7 
3.9 
2.6 
1.8 
0.9 
0.6 
';4 
3 
2 
0 '  I 
0 0.5 1 .o 1.5 
[Mntant enzyme] GLM) 
action  mixtures  contained  100 m~ 'Iticine.KOH,  pH 7.2, 1.5 m~ 
FIG. 5. Activities of mixed wild type and mutant enzymes. Re- 
[14CJATP, 3 m~ MgC12, 2 m~ Dl", 1.5 m~ NaSeH, and enzymes as 
indicated on x axis. Samples were incubated at  37 "C for 1 h under 
argon. a ,  individual  enzyme  species: 0, wild type; 0, G18V; and 0, K20R 
were  tested. b, each  reaction  mixture  containing 0.5 p~ wild type  en- 
zyme was  supplemented  with  mutant  enzyme  as  indicated on he x axis: 
0, GlSV, 0, K20R, 0, K2OQ. 
species were tested. As shown in Fig. 5b, addition of the inac- 
tive  enzyme  species containing  arginine (K20R) or glutamine 
(K20Q) in place of Lys-20 to a ftved 0.5 p~ level of wild type 
enzyme had no effect on the amount of selenide-dependent 
AMP produced. Supplementation with the  partially active 
G18V enzyme species (Fig. 5b)  gave an approximately additive 
effect. Thus, from this type of analysis there is no protein- 
protein interaction with  selenophosphate synthetase  subunits 
that affects catalytic activity of the enzyme. 
DISCUSSION 
The complete loss of selenophosphate synthetase activity ob- 
served  upon  replacement of lysine at position 20 with  gluta- 
mine, whereas  there  was  retention of a trace of activity  when 
Lys-20  and  Cys-17  Are  Essential for  Selenophosphate  Synthetase  Activity 27025 
arginine  was  substituted (Table III),  suggests  that for the over- 
all  catalytic activity of the enzyme there  is a requirement for a 
positively charged group at this position. Although lower Mn- 
ATP binding  to  mutants containing arginine (K20R) or gluta- 
mine (K20Q) in place of lysine was observed, Lys-20 is not 
essential  either for Mn-ATP binding (Table IV) or for photoaf- 
finity  labeling of the enzyme with azido-ATP (Fig. 4). Therefore 
a role for the  essential Lys-20 residue  in a subsequent reaction 
of the overall catalytic process is indicated. In  the case of the 
tyrosine kinase pp56lCk it has been reported  (25)  that  change of 
a single  lysine residue, Lys-273, affected the ability of the  en- 
zyme to  transfer  phosphate  to a protein  substrate without sig- 
nificantly altering its ability to bind ATP. 
There  was no derivatization of the double mutant, Cys-17,19, 
with azido-ATP but when only a single  cysteine was replaced 
with serine as in Cys-17 or Cys-19 detectable labeling with 
azido-ATP still  was observed (Fig. 4). This implies that proper 
orientation of the azido-ATP molecule for specific derivatiza- 
tion of an  amino acid residue by the highly reactive nitrene 
group  is favored by the presence of cysteine rather  than of ser- 
ine  in  these positions. Supplementation  of reaction mixtures 
with ATP decreased the incorporation of 32P-labeled azido- 
ATP in wild type  and  mutant enzymes, indicating specific in- 
volvement of the  normal ATP-binding site  in  the labeling proc- 
ess. Preliminary attempts to isolate suficient amounts of a 
32P-labeled peptide for identification of the derivatized  amino 
acid residue were unsuccessful. The recent report (26) that 
large losses of a labeled  peptide prepared from azido-[@- 
32PlATP-derivatized enzyme occurred during various types of 
high  performance  liquid  chromatography  procedures, whereas 
SDS-PAGE isolation was successful indicates  that  the  latter 
method  should be tried. 
As shown in Table VII, Mn2+ is  not an  effective replacement 
for Mg2+ for the ATP-dependent synthesis of selenophosphate. 
Moreover, addition of much lower levels of either Mn2+ or Zn2+ 
in  the presence of a large excess of  Mg2+ (3 mM) causes  marked 
inhibition of the reaction (Table VIII). These effects indicate  the 
presence of at least one other  metal-binding  site on the enzyme 
in  addition  to  that occupied by  Mg-ATP. The affinity of this  site 
for zinc ion appears to be very high. In preliminary experi- 
ments, no detectable perturbation of the fluorescence of the 
single tryptophan residue in the protein was observed upon 
addition of zinc. 
Acknowledgment-We thank BBla Hegede  for help in  the preparation 
of figures and Merry Peters for preparation of the manuscript. 
REFERENCES 
1. 
2. 
3. 
Leinfelder, W., Forchhammer, K., Zinoni, F., Sawers, G., Mandrand-Berthelot, 
Bock,  A., and  Stadtman, T. C. (1988) BioFactors 1,245-249 
M.-A,, and B&k, A. (1988) J. Bacterial. 170, 540-546 
Leinfelder, W., Forchhammer, K., Veprek, B., Zehelein, E., and Bock, A. (1990) 
4. Forchhammer, K., Leinfelder, W., Boesmiller, K., Veprek, B., and Bock, A. 
5.  Forchhammer, K., and B&k, A. (1991) J.  B i d .  Chem. 266,6324-6328 
6. Veres, Z., Tsai,  L., Scholz, T.  D., Politino, M., Balaban,  R. S., and  Stadtman. T. 
7. Witter, A. J. ,  %ai, L., Ching, W.-M., and  Stadtman, T. C. (1984) Biochemistry 
8. Wittwer, A. J., and  Stadtman, T. C. (1986) Arch. Biochem. Biophys. 248,54C- 
9. Haddock, B. A., and Mandrand-Berthelot, M.-A. (1982) Biochem. Sac. IFans. 
Proc.  Natl. Acad. Sci. U. S. A. 87, 543-547 
(1991) J.  Biol. C k m .  266,6318-6323 
C. (1992) Proc.  Natl. Acad. Sci. U. S. A.  89, 2975-2979 
23,4650-4655 
550 
10,478-480 
10. Kramer, G. E ,  and  Ames, B. N. (1988) J. Bacteriol. 170,736-743 
11. Stadtman, T. C., Davis, J. N., Zehelein, E., and B&k, A. (1989) BioFactors 2, 
12. Kim, I. Y., Veres, Z., and  Stadtman, T. C. (1992) J.  B i d .  Chem. 267, 1965C- 
13. Liu, E ,  Dong, Q.,  and  Fromm, H. J .  (1992) J. B i d .  Chem. 267,2388-2392 
14. Baume.  H. R.. Sanders. D.  A.. and McCormick. F. (1991) Nature 349. 
35-44 
19654 
117-m 
15. Seefeldt, L. C.,  Morgan, T. V., Dean, D. R., and  Mortenson, L. E. (1992) J.  Biol. 
16. Saraste, M., Sibbald, P. R., and Wittinghofer, A. (1990) Pends  Biochem. Sei. 
17. Studier, F. W., and Moffatt, B. A. (1986) J. Mol. B i d .  189, 11%130 
18. Tabor, S., and Richardson, C. C. (1985) Proc. Natl. Acad. Sei. U. S. A. 82, 
19. Sanger, E ,  Nicklen, S. ,  and Cou1son.A. R. (1977)Proc. Natl. Acad. Sci. U. S. A. 
20. Bagnara, A. S., and  Finch, L. R. (1972) Anal. Biochem. 46, 24-34 
21. Peck,  H. D., Jr.,  and  Guest, H. (1957) J. Bacterial. 73, 706721 
22. Julin, D. A., and  Lehman, I. R. (1987) J.  Bid .  Chem. 262,9044-9051 
23. Hartman, J., Huang, Z., Rado, T. A,, Peng, S., Jilling, T., Muccio, D. D., and 
24. Czarnecki, J., Geahlen, R., and Haley, B. (1979) Methods Enzymol. 56, 642- 
25. Carrera, A.  C., Alexandrov, K., and Roberta, T.  M. (1993) Proc.  Natl. Acad. Sci. 
26. Phillips, N. F. B., Shenov, B. C . ,  Horn, P. J., and  Pan, W. H. (1993) FASEB J.  
Chem. 267,6680-6688 
15,430-434 
1074-1078 
74,5463-5467 
Sorscher, E. J. (1992) J. Biol. Chem. 267, 6455-6458 
653 
U. S. A. 90,442-446 
7, A1272 
Phosphate in Microorganisms: Cellular and Molecular Biolog.v
Edited by A. Torriani-Gorini, E. Yagil, and S. Silver
O 1994 American Society for Microbiology, Washington, DC 20005
Chapter 18
Selenophosphate: Synthesis, Properties, and Role as Biological
Selenium Donor
THRESSA C, STADTMAN, ZSUZSA VERES, nNo ICK YOUNG KIM
Inboratory of Biochentistry, National Heart, Ittng, and Blood Institute, National Instirutes of Health, Building 3,
Room 108, Bethesda, Maryland20892
Selenium is known to occur as a specific com-
ponent of two types of biological macro-
molecules, proteins, and tRNAs, Ceftain se-
lenium-dependent enzymes in both prokaryotes
and eukaryotes contain selenocysteine residues
that are incorporated cotranslationally as directed
by UGA codons. In tRNAs, e .8., lysine, gluta-
mate, and glutamine tRNAs of several bacterial
species, seleniunt is present in 2-selenouridine
residues locatcd in the "wobble position" of the
anticodons. A highly re active oxyge n-labile se-
leniurn corTtpound is the required donor for syn-
thesis of these two different types of Inolecules.
Recently, we have shown that this biological se-
lenium donor is monoselenophosphate , a com-
pound in which seleniunr is bonded directly to
phosphorus (Veres et nl . , 1992; Glass et &1. ,
1993). The unique chemical properties of se-
lenophosphate, particularly the relative weakness
of the P_*Se bond contpared with the P-S bond
and the even stronger P-O borrd, rilake it espe-
cially suited for its role as selenium donor. It par-
ticipates in an addition reaction (Fig' l ) conveÍt-
ing 2,3-aminoacrylyl-tRNA to selenocystyl-tRNA
(Forchhammer and Bock, 199 1 , Ehrenreich et ttl . ,
1992); it also functions in a substitution reaction
(Fig. Z) in rvhich the sulfur of }-tltiouridine resi-
dues in tRNAs is rcplaced with selenium (Wittwer
and Stacltm.?n, 1986; Veres et Al ., 1992)"
Biosynthesís of Selenophosphate
The reactive scle nium clonor compouncl , mono-
selenophosphate (HSePOiHr), is fcrrmed from
ATP and selenide by selenophosptrate synthetase
as shown in reaction 1 (Veres et erl . , 1992; Glass et
al . , 1993; Vcrcs et al . , 1994) .
ATP + HrSe --, I{SePO.H, + H]PO4 + AMP ( I )
Selenide preparecl by rccluction of elernental se-
leniunr with borohydride or selenite with excess
clithiothreitol is the only selenium cornpound
known to b used by the enzyme as substrate and
is not replaceable with sulfide. other coÍnmon nu-
cleoside triphosphates do not substitute for ATP in
the reaction (Kim et al. , 1993). The in vitro reac-
tion is carried out in the presence of dithiothreitol
under strictly anaerobic conditions. The selenide-
dependent formation of radioactive AMP from
II4CJATP is monitored to determine the course of
the reactioÍl. Alternatively, the formation of se-
lenophosphate can b monitored by 3rP nuclear
magnetic resonance spectroscopy. In this case, the
reaction is carried out in a nuclear magnetic reso-
nance spectroscropy tube, and a new 3lP reso-
nance is detected at 23.2 ppm. This new signal is
well separated from those of ATB AMP, and Pi
(Veres et &1. , 1992\. Substirution of [77Se]selenide
for normal isotope abundance Se resulted in split-
ting of the 23.2-ppm signal, demonstrating that
selenium is bonded directly to phosphorus in the
new selenophosphate compound. A method for
chemical synthesis of the highly oxygen-labile
monoselenophosphate was devised, and its struc-
ture was established by compositional, spec-
troscopic, and mass-spectral analyses (Glass et
trl., 1993). The enzyme product was purified and
shown to b indistinguishable from chemically
synthesized monoselenophosphate (shown below)
by 3 r P nuclear magnetic resonance spectroscopy
and by ion-pairing high-pressure liquid chroma-
tography.
o
il
HSe-P--OH
I
OH
Properties of Selenophosphate Synthetase
The product of the selD gene from Escherichia
coli and Salmonella ryphimurium (Irinfelder et
ál ., 1988; Kramer and Ames, 1988; Stadtman et
irl . , 1989) is a 37-kDa protein (trinfelder et al. ,
1990) that forms a labile selenium donor com-
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Seryl-tF.NAuc^
I
-a> PLP-2 ,3-a m inoacrylyl-tRIYAuc^J
2-- Sel e n ocy stey I -tRlIAua\
FIG. l. Conversion of seryl-tRNA,rcr. to setenocysteyl+RNA,r6^ irr prokaryotes. This overall reaction is cata-
lyzed by the selÁ gene product, selenocysteine synthase, a pyridoxal phosphate (PlP)dependent enzyme. In step l,
the esterified serine residue forms a Schiff base intermediate with erzyme-bound pyridoxal phosphate. A É-elimina-
tion of the hydroxyl group forms the 2,3-amino acrylyl-tRNA. In step 2, an activated selenium derivative formed
from HrSe and ATP by the SelD protein is added across the double bond to form selenocysteyl-tRNA. The
compound added in step 2 is selenophosphate, HSePOrHr.
pound required for synthesis of formate dehydro-
genase and seleno-tRNAs in these organisms.
This selenium donor is essential for synthesis of
selenocysryl-tRNA from 2,3-aminoacrylyl-tRl.lA
(Forchhammer and Bock, 199 1) and for conver-
sion of }-thiouridine in tRb-lAs to 2-selenouridine
(Veres et ol , , 1992). The identity of this com-
pound has been establíshed to be mono-
selenophosphate (Glass et ol , , 1993), and thus
SELD is named selenophosphate synthetase
(Kim et ál., 1993). The enzyme was purified
from an overproducing strain of E. coli (Lein-
felder et al. , 1990). Apparently honrogeneous
enzyme preparations can be obtainecl by using
additional phenyl-Sepharose and ATP-agarose
affinity chromatographic steps (Veres et ol. ,
1994). The products of the reaction of ATP and
selenide catalyzed by highly purified enzyme are
a l:l:l mixture of selenophosphate, AMP, and Pi
(Veres and Stadtman, in press).
Studies rvith Sclenophosphate Synthetase
Mutants
There are seven cysteine residues in wild-rype
selenophosphatc synthetase (Leinfelder et &l . ,
1990), and nonc of these occur in disulfide linkage
(Kim et &l . , 1992). At least one is essential for
catalytic activity as shown by sensitivity of the
eÍrzyme to alkylating agents. Substitution of serine
residues fcrr two cysteine residues located in the
amino-terrninal region of the protein by site-spe-
cific mutagenesis (Kinr et &l . , 1992) showed
Cys- 17 but not Cys- l9 to be essential . A glycine-
rich sequence in this region suggestive of nucleo-
tide-binding motifs was subjected to further muta-
tion (Kim et El. , 1993). Substitution of Lys-20
with arginine or with glutamine resulted in almost
complete or complete loss of activity, Íespec-
tively. However, binding studies with f^y-t'Pl8-
azido-ATP and manganese-ATP indicated that
Lys-20 is not essential for nucleotide binding, and
thus it must be required in another step of the
reaction sequence. Substitution of Gly-18 with
valine resulted in an increase in the ATP K^value
and a 70% decrease in catalytic activity. The mu-
tant enzyme containing aspanagine in place of
His- 13 was indistinguishable from the wild-rype
eÍrzyme in catalytic activity. Azido-ATP behaved
as a competitive inhibitor of ATP in the catalytic
reaction. Enzymes containing both Cys-17 and
Cys-19 were labeled with Ít-32P]8-azido-ATP
following photolysis, but mutant enzymes con-
taining serine residues in place of these cysteine
residues were not labeled. Since ATP decreased
the incorporation of Í^y-"P]8-azido-ATP in these
experiments, the normal ATPbinding site appears
to be altered by cysteine-to-serine mutations in
this amino-terminal portion of the protein.
Role of Selenophosphate ín 2-Selenouridine
SynthesÍs
A mutant Salmonella strain unable to synthesize
seleno-tRNAs (Kramer and Ames, 1988) as a re-
sult of a defective selD gene (Stadtman et al.,
1989) was used as the source of the complemen-
tary enzyme(s) required for 2-selenouridine for-
o o
) \.cH2NHcHgHN"-l' 
,Sí\ N/
I
ribose
HN
I
.ar.'S' 'N
ribose
t:tt-t 
r,
--HSePO.Ht
FIG. 2. A 2-thiouricline in the "wobble position" sf 1p1q4ctu, tRNALv., or tRNAGrn is converted to a 2-se-
lenouridine . A thiouridine in the wobble position of the anticodon of an intact IRNA molecule is the substrate, not
the free nucleoside . The enzyme that catalyzcs this substitution reaction is not characteized. The form of sulfur that
is eliminatecl is not identiÍied.
rnation. Supplsrnentation of extritcts of- this mutant
with puriÍied SELD prr:tein r constituterl the cotn*
plete cnr,yffio systenr. Preparations of the cornple-
mentaryl etlzym purified frot:r tltc n:utant extmcts
utilirecl seignÜphosplrate as substrtt* far replace-
nr*nt o{' sttlftrr in the, ?-thiouricline oÍ' irclded thio-
tR}'lAs with sc.le.níum {Ülass *t í1l . , 1993; Veres
and StadtnralJ. in press} (I'ig. 2). lr{e'íther ATP nor
the sele nophosphate synthctase prrotein was re*
quire,d when selenophosphate wlt$ aclcled as se*
le niunt dt.lnor. Clre rnically synthesized InonÜ*
selenophosphate. itncJ the puriÍ'iecl 75Se-latleled
selenophosphate synthesize.ci enzyrnically were
equally cl'f'cctivc as the seleniutT] donclr Íbr }-se-
lenouridin* fortnation in this re actiotl " Further-
mÜrg. aclditiorr tlí selenide had nÜ etfect on Se*
lenophosphate utilization by the Salrnonella
enzyme in the absence of ATP and selenophos-
phate synthetase" I"ront thcsc rcsults it appears that
se lcnium substitution for sulfilr occlttr by a clirsct
attack oÍ' selenophosphats Ün thc carbon-sulfur
btnd uf !.-titiorrridinc ín the tR}'{A substrate. The
precise n1c }'tanism tlÍ' this intcresti'rg replacetnent
reaÜtion ís the srrtriect of crrtttittt"ting str-rclics.
RIir-nRnFiÜF]s
[,hre nrtit:]t, ,\,,, K* Iittrclth$ttltilcr, P, 'l'{}rnl*y, Il. Vepreck,
and A. Biich. 199?. Scictrt:prnt*in synthcsis in /:. <:oli, Puri-
fic'atit'ln itncÍ clra nrctcrizatiott t:f tltc ctlZy lllc t:atillyzing sts-
1r:niurrt activittit:n. {!tt. .{ . Sincfu*rt. 10 1767 -'1'73 .
Frrrchh&rnlntrn K. ' ultd Á. I}ii{:k- I 
q9 l ' Scie noc}'ste ine syn-
tÍrasc Í'rott] |i.scltt: rir':ltir.l t:ts{i' AnnJy'sis trl' tlre r'eacticrn sc-
t]tl{-ll]Üc . J. I}íut. Ch*rt. ?ffi:6:174*6:]?'8.
Glam, R. s,, }\,'. H, Singh, w- Jtrngrn, Vercs, T-, Í)' Scholz,
and T. L] ' starltrrlan. l993 . }r'ír:nos*lenclphosphate: t;yn-
thesis, characteriz.rtion ancl identity with the pnrkaryotic s -
leniurn don$r, Se PX. Bírrr:ftentlslry 32: 12555* I ?559'
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